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ABSTRACT
This thesis is concerned with the possibility of producing novel materials by the sol-gel 
method that could be incorporated into a new sensing system to be used for the detection 
of hydrocarbons, in particular methane. Possibilities for a new system include coating 
optical fibres, at pre-determined points, with a material that causes some sort of 
disruption in the signal of the fibre when in contact with a hydrocarbon or specifically 
methane. Dip coating an optical fibre with a sol-gel would be a method for producing an 
optical fibre based system. This would provide variable chemistry, refractive index and 
hydrocarbon sensitivity.
New silica-based sol-gel materials are presented and titania is incorporated to some of 
these materials in order to improve the catalytic potential of the system and to increase 
the refractive index. In order to increase the hydrophobicity and elasticity of the final 
coatings, organic modifiers are added.
The sol-gel materials are characterised by a variety of techniques as both monoliths and 
thin films. Along with the characterisation, the samples are analysed to determine their 
potential to adsorb methane and water and the possibility of incorporating the samples in 
to an optical fibre sensor system utilising ultra-violet / visible spectroscopy.
The presence of titania and / or organic modifiers in a silica based sol-gel system are seen 
to increase significantly the extent of methane adsorption and decrease the extent of 
water sorption at 293 -  298 K. It appears that having both titania and organic modifier 
gives a bigger effect on adsorption than either one alone. The reasons for this are 
considered in detail.
ACKNOWLEDGEMENTS
I would like to thank my supervisor Prof. Paul Sermon for providing me with the 
opportunity to study for this Ph.D. and for the help and support he has given me.
Many thanks to Dr. John Varcoe for his endless support and to both him and Dr. Ian 
Hamerton for their advice and proof reading.
Thanks also go to members of the Inorganic Materials Group for their support and 
friendship over the years. In particular I would like to thank Cindy Thatcher, Dr. Claire 
Euesden and Dr. Faruk Ahmed.
Thanks to my friends for frying to keep me sane: Vanessa, Noelia and Sam for all the 
girls nights out; Miguel and Noelia for making the conference in Switzerland so much 
fun; and in general to all those who have provided friendship, support and entertainment 
over tire years.
I gratefully acknowledge the following:
EPSRC and Schlumberger for the funding of this project.
Dr. D.C.Apperley at the EPSRC Solid State NMR service for advice and the running of 
MAS-NMR spectra.
Dr. Jamie Cleaver for the running of water sorption isotherms.
Steve Greaves for the running of the XPS spectra.
Jeff Bridges from Brunei University for building the McBain Bala- rig.
Dr. Lee Courtney for SEM and die work using the UV sensor system.
All the technical staff for their help and support.
I can never thank my parents (Prue and Tom) and my sister (Julia) enough for their 
endless love, support and patience. Finally I would like to thank my best friend Leila 
Seyfullah for being there for me -  you are a star!
CONTENTS
PAGE
Abstract i
AcJcnowledgements ii
Contents iii
Glossary vii
CHAPTER 1: INTRODUCTION
1.1 The Oil Industry 1
1.2 Hydrocarbon Sensors 2
1.2.1 Pellistor 2
1.2.2 Gas Chromatorgraphy 3
1.2.3 Semiconductors 3
1.2.4 Saw Sensors 4
1.3 Optical Fibres 4
1.4 Fibre Optic Sensors 6
1.4.1 Advantages of Fibre Optic Sensors 6
1.4.2 Analogue Technique 7
1.4.3 Digital Technique 8
1.4.4 Fibre Optic Sensors and the Oil Industry 9
1.4.5 Sol-Gel based Fibre Optic Sensors 10
1.4.6 Infrared Spectroscopies with Fibre Optics 11
1.5 Introduction to Sol-Gels 13
1.6 The Sol-Gel Process -  An Overview 14
1.7 Sol-Gel Parameters 15
1.7.1 pH 15
1.7.2 Precursors 16
1.7.3 Catalyst 16
1.7.4 Steric and Inductive Effects 18
1.7.5 H20 : Si ratio, r 20
1.7.6 Solvent 20
1.8 The Hydrolysis Step 22
1.8.1 Acid-Catalysed Hydrolysis 22
1.8.2 Base-Catalysed Hydrolysis 23
1.9 The Re-esterification Step 24
1.10 The Condensation Step 25
iii
1.11 The Gelation Step 26
1.12 Sol-Gel Monoliths 27
1.13 Sol-Gel Coatings 27
1.13.1 Dip Coating 28
1.13.2 Spin Coating 30
1.14 Silica-Titania Gels 31
1.15 Organic-Inorganic Hybrids 33
1.15.1 Class I 34
1.15.2 Class II 36
1.16 Applications of Sol-Gels and Sol-Gel Coatings 39
1.16.1 Optical Materials 39
1.16.2 Sensors 40
1.16.3 Catalysts 40
1.16.4 Coatings 40
1.16.5 Membranes 41
1.16.6 Electronic Material 41
1.16.7 Medical Applications 41
1.17 Aims of Project 42
References 44
CHAPTER 2: EXPERIMENTAL
2.1 Preparations 52
2.1.1 General Method of Preparation 52
2.1.2 Preparation of Gels 54
2.1.3 Preparations of Films 54
2.2 Characterisation Techniques 55
2.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 55
2.2.1.1 Solid State NMR 57
2.2.2 X-Ray Diffraction Spectroscopy (XRD) 59
2.2.3 X-Ray Photoelectron Spectroscopy (XPS) 61
2.2.4 Nitrogen Adsoiption (BET) Analysis 63
2.2.5 Scanning Electron Microscopy (SEM) 68
2.2.6 Ultra-Violet / Visible Spectroscopy (UV-Vis) 69
2.2.7 Infrared Spectroscopy 71
2.3 Adsorption Techniques 72
2.3.1 Residual Gas Analysis (RGA) 72
2.3.2 Water Sorption 74
2.3.2.1 Preliminary Water Adsorption Experiment 74
iv
2.3.2.2 Gravimetric Analysis of Water Soiption 75
2.3.3 McBain Bakr Balance 76
2.4 Sensor Experiments 79
2.4.1 U V Fluorescence 7 9
2.4.2 UV Sensor 79
References 80
CHAPTER 3: CHARACTERISATION RESULTS
3.1 Solid State Nuclear Magnetic Resonance 82
3.1.1 29SiNMR 82
3.1.2 13CNMR 87
3.2 X-ray Diffraction 92
3.3 X-ray Photoelectron Spectroscopy 96
3.4 BET analysis 105
3.5 Scanning Electron Microscopy 113
3.6 Ultra-Violet (UV) / Visible Spectroscopy 116
3.6.1 Diffuse Reflectance (DR)UV Spectroscopy 119
3.6.2 UV Transmittance Spectroscopy 117
3.7 Infrared Spectroscopy 120
3.8 Discussion 124
References 129
CHAPTER 4: ADSORPTION RESULTS
4.1 Residual Gas Analysis (RGA) 130
4.2 Preliminary Water Adsorption Experiment 135
4.3 Comparison between RGA and Desiccator’s results 137
4.4 Water Adsorption 138
4.5 McBain Bala Balance 152
4.6 Discussion 153
References 155
v
CHAPTER 5: ULTRA-VIOLET SENSOR EXPERIMENT RESULTS
5.1 Ultra-Violet (UV) / Visible Fluorescence Spectroscopy 157
5.2 Ultra-Violet (UV) Sensor System 165
5.3 Discussion 167
References 170
CHAPTER 6: CONCLUSIONS AND FURTHER WORK
6.1 Conclusions for Research on Bulk Properties 171
6.2 Surface Properties 174
6.3 Spectroscopy of Adsorption-induced Changes 175
6.4 Possible Rationale 177
6.5 Future Work 178
References 181
GLOSSARY
B.E. Binding Energy
CP Cross Polarisation
CSA Chemical Shift Anisotropy
d.c. direct current
EMI Electromagnetic Interference
FID Free Induction Decay
GC Gas Chromatography
IEP Isoelectric Point
LED Light Emitting Diode
MAS Magic Angle Spinning
m/z mass charge ratio
NMR Nuclear Magnetic Resonance
OM Organic Modifier
ORMOSIL Organically Modified Silicates
PZC Point of Zero Charge
r water to alkoxide ratio
RF Radio Frequency
RH Relative Humidity
RGA Residual Gas Analysis
SAW Sound Acoustic Wave
SEM Scanning Electron Microscopy
TEOS tetraethoxysilane
TiOP titanium isopropoxide
TMOS tetrametlioxysilane
VOC Volatile Organic Compounds
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
1 INTRODUCTION
1.1 The Oil Industry
Crude oil is a highly important commodity with its products, from refining and cracking, 
being used as fuels, gasoline, detergents, plastics, cosmetics and food. Huge amounts of 
crude oil are produced each year in order to satisfy the constantly rising demand: 59.6 
million barrels a day were produced in 1980 and 66.96 million barrels a day by 1998 
(each barrel contains 159 litres of oil). According to the monthly oil market report for 
March 2005, OPEC oil production for February 2005 was estimated at 29.56 million 
barrels a day with non-OPEC oil production estimated at 49.74 million barrels a day [1], 
This crude oil nets large profits for the companies concerned, with record profits having 
been announced by major oil companies in 2004 e.g. BP made profits of more than 
$16.2bn and Shell announced record profits for a UK company of $17.59bn [2]. Oil 
prices hit an all time high of $56.46 a barrel in New York and $54.80 a barrel for the 
price of Brent crude in London on 16th March 2005 after US petrol and heating stock 
reserves were shown to have dr opped.
Crude oil is made up of a mixture of hydr ocarbons containing different amounts of 
mostly carbon and hydrogen, in the form of both liquids and gases, and is found in 
pockets (oilfields) in the Earth’s crast. Much of the world’s resources of crude oil are 
currently found in areas that are inaccessible or that have environments too harsh for 
extraction to be possible. It is estimated that at current rates of consumption the oil 
reserves will rim out in about 43 years (current proved reserves are 1016.9 billion barrels 
-  1996) with the reserves of natural gas being 66 year's and coal 235 years [3]. However, 
as new techniques are developed and it becomes possible to extract oil from less 
accessible regions, this estimate is adjusted upwards. The extraction of oil involves tire 
dr illing of wells and, having allowed the initial free flow of the oil to the surface, much of 
it has to be pumped. Owing to the expense involved and current technology, a large 
proportion of the oil is left in the well, though with improving technology, more oil is 
now being extracted.
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Another constraint on the oil industry is the increased awar eness of the effect of oil on the 
environment during its extr action, refining, transport and use. This includes the burning 
of fossil fuels for energy producing C02 and, if buint in insufficient oxygen, CO, rmbrnnt 
hydrocarbons and particulates, which result in ah' pollution such as smog. This in turn can 
lead to problems with human health (e.g. a probable link to the increase in the incidence 
of asthma over recent years has been postulated). Other environmental impacts include 
deforestation, arising from reaching and extracting the fuel, and wildlife poaching 
(leading to an upset in fragile ecosystems with habitats lost and stimulated extinction of 
species [4]). Fossil fuels contain substances other than hydrocarbons (e.g. sulphur and 
heavy metals), which can have long term detrimental effects on the environment; 
combustion-derived SOx and NOx are believed to be major contributors to acid rain.
Another area of environmental impact is caused by leaks from the pipelines that are quite 
often in remote, difficult to access areas. This causes financial problems due to: (i) loss of 
oil revenue; (ii) the sum of money spent on manpower / equipment while searching for 
the leak; and (iii) the costs of cleaning up die environmental damage caused. Damage 
caused by oil leakages to the local habitat can take many years to repair and although the 
damage may be relatively localised, the effects can be far more widespread. Large benefit 
would be gained if sensing methods were available to detect oil and gas leaks as they 
occur (widi a reasonable degree of accuracy over a manageable area). The reduced 
response times and fuel wastage would save considerable amounts of money.
1.2 Hydrocarbon Sensors
One way of determining whether oil is being lost as a result of leakage is to set up 
hydrocarbon detectors. Many methods have been considered for determining the presence 
of hydrocarbons, particularly methane, and a brief review follows.
1.2.1 Pellistor
Pellistors are commercially available methane detectors that are used to prevent explosive 
accidents and which have a variety of applications that range from industrial to domestic.
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They operate by detecting heat generated in an exothermic catalytic oxidation [5-6]. 
Pellistors consist of a pair of resistor elements one active and one passive, arranged in a 
Wheatstone-bridge. It is the temperature rise, resulting from Pt (or Pd) / AI2O3 
accelerating the ignition of methane gas to a faster rate than A1203, that is measured. The 
pellistor is heated to 473 -  873 IC in the monitored environment with a 20 -  60 mW 
power dissipation. Lee et al [7] fabricated a new micro catalytic gas sensor that gives 
sensitivities to methane and butane of 2.2 mV 1000 ppm"1 and 8.9 mV 1000 ppm'1 
respectively though the sensitivity decreased with increasing humidity. Diicso et al [8] 
developed an explosion-proof device which continued to work without any mechanical 
protection in an explosive environment; however, sensitivity and selectivity required 
improvement. These detectors have their limitations as they: (i) are susceptible to surface 
poisoning, (ii) require regular* calibration and replacement, (iii) need relatively high 
power inputs (and running costs) leading to restrictions on the distance between the 
detector and the power supply, and (iv) must have a constant supply of oxygen.
1.2.2 Gas Chromatography
Gas chromatographs (GCs) fitted with flame ionisation detectors (FIDs) are currently 
used to detect and differentiate many hydrocarbons including methane. A number of 
groups have used GCs to determine methane emissions in the environment as part of 
studies looking at greenhouse gas emissions. Hegde et al [9] studied methane emissions 
from landfill sites and Malla et al [10] studied the emission of methane from soil in rice- 
wheat system. Akimoto et al [11] determined the concentrations of N20 , CH4, and C02 
using continuous GC monitoring. However, GCs are bulky, expensive instruments which 
would be difficult, if impossible to lower down oil wells.
1.2.3 Semiconductors
Another way of detecting methane is a gas-monitoring system based on semiconductor 
lasers. Matveev et al [12] have developed a system utilising InGaAs LEDs and I11 As 
photodiodes optimised for detecting methane within the spectral range of 3.3 -  3.4 pm at 
room temperature. Another group, Uehara et al [13], has developed a system working in 
the 1.3 -  1.7 pm wavelength region using distributed-feedback semiconductor lasers.
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This real-time methane-monitoring system has achieved a high sensitivity corresponding 
to a concentration-pathlength product of 70 ppb m for methane. Catalytic sensor systems 
have been developed based on Ga2C>3; Fleischer and Meixner [14] showed that it is 
possible to detect methane at concentrations from 0.01 vol % up to the explosive limit of 
methane in air but only by applying an operating temperature of 1073 K [15].
1.2.4 SAW Sensors
Surface acoustic wave (SAW) sensors show promising characteristics for chemical 
sensing applications and are based on the quartz crystal microbalance (QCM). The 
resonant element of an oscillator circuit is the quartz crystal and the resonant frequency is 
lowered by mass loading of the crystal by adsorbed species, which leads to an easily 
measurable frequency shift. The SAW device shows larger frequency shifts and so higher 
sensitivity than the QCM as it can be operated at considerably higher frequency [16]. 
Penza et al designed SAW sensors using single- or multi- wall carbon nanotixbes to 
detect volatile organic compoimds (VOCs). They showed that a limit of detection of 1 
ppm ethanol or toluene was easily sensed at room temperature [17, 18].
1.3 Optical Fibres
Optical fibres ar e used for tr ansmitting data through thin tr anspar ent fibres of which the 
core is normally silica, though some specialist applications use materials such as 
sapphire, fluoride glasses and neodynium-doped silica. The fibres are made up of three 
parts: (i) the core (mentioned above); (ii) a core surrounding cladding, usually silica 
glass, of a lower refractive index than the core in order to satisfy Snell’s Law for total 
internal reflection (Equation 1), which allows the propagation of light along the core of 
the fibre; (iii) a plastic barrier or jacket layer that surrounds the cladding to protect the 
fibre from moisture sorption and damage, and to provide the fibre with additional 
mechanical strength [19].
no sin (fro = ni sin cfri Equation 1: Snell’s law [20]
4
ni = the index of refraction of the second medium
<|>o = the angle between the incident ray and the normal to the interface
(j>i = the angle between the refracted ray and the normal to the interface
An optical fibre acts as a waveguide containing (and guiding) light within it by making 
use of total internal reflection, where the light is totally reflected at the core / cladding 
boundary back into the fibre and so preventing escape. Therefore information can be 
passed along a fibre in the form of light rays with minimal reduction in intensity (low 
attenuation) [21]. Optical fibres have proved their worth as information carriers in 
communication systems over the past two decades. High bandwidths, low attenuation and 
mechanical properties mean that each fibre could potentially replace 1000 copper wires in 
telecommunication systems; as a result, optical fibres have become the most affordable 
and efficient medium available in the field of telecommunications [19].
where
no =  the index o f refraction o f  the medium in which the light is initially travelling
F igu re 1.1: Schematic of an optical fibre, where 0a = the angle of incidence and 0c = the
critical angle.
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1.4 Fibre Qutic Sensors
Optical fibres are capable of being more than just information carriers; once light is 
introduced into the optical fibre it is confined and propagates along the fibre’s length 
unless perturbed by an external influence. Disturbing the fibre alters die characteristics of 
die light being guided in die fibre, which allows die disturbances to be quantitatively 
determined and monitored. There are two basic types of fibre optic sensor: (1) intensity- 
modulated sensors where a displacement, or another physical perturbation, interacts with 
die fibre, or an attached mechanical transducer, modifying the light intensity; (2) phase- 
modulated sensors work by comparing die light phase in a sensing fibre to a reference 
fibre using an interferometer; the phase difference can be measured with extreme 
sensitivity. Phase-modulated sensors can be used over a much larger dynamic range and 
are more accurate than intensity modulated sensors but are often much more expensive 
[20].
Optical fibre sensors may be eitiier intrinsic or extrinsic. Extrinsic sensors allow the light 
to exit the fibre to be modulated in a separate zone before either re-entering die same 
fibre or a different fibre. Intrinsic sensors allow die light to continue through die fibre and 
whilst being guided die light is modulated in response to an input energy (measurand). 
However some sensors are half way between the two and function by coupling the light 
guided within the fibre to the measurand by the evanescent field. These are usually 
classified witii die extrinsic devices [22].
1.4.1 Advantages of Fibre Optic Sensors
Fibre optics have die potential for many monitoring applications having already proven 
tiieir advantages and capabilities in a variety of applications and environments. They 
already have many operational advantages over existing conventional sensors: They are 
constructed from very durable corrosion resistant material, can tolerate a high tensile 
loading, have the ability to measure temperatures from 73 to 1073 K for silica and up to 
2273 K for sapphire fibres, and have tiiennal measurement resolutions better than 0.1 IC. 
They also have a wide dynamic range (dc, direct current, to MHz) witii response 
characteristic that is uniform. Optical fibres can be used in difficult to reach areas, on
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complex surfaces, and over botli very short (< 1 nm) or veiy long distances (many km) at 
any pressure without adjustment They may be incorporated into many materials, 
structures, machines, or components, without much modification of either the fibre’s own 
dielectric nature or the environment, for easy in situ measurement Immunity to 
electromagnetic interference (EMI) with electrical isolation is offered by fibre optic 
sensors allowing operation in electrically noisy environments. Along with ability for on­
line analysis with potential feedback control, fibre optics can monitor many parameters at 
once, therefore, reducing cost and complexity [19].
1.4.2 Analogue Technique
There are a number of parameters that influence the final detected output of optical fibre 
sensors; the most important are modulators, the measurand interface, optical sources, and 
optical signal detection [22]. There are numerous means by which light can be modulated 
in response to the physical measurand. For simplicity they have been divided into 
analogue and digital techniques. Analogue quantities include intensity, which is a 
parameter to which all optical detectors must eventually respond. Intensity-modulated 
sensors usually work by responding to die position of a mask, which varies the 
transmission by an aperture through an extrinsic sensor to a mirror, which moves to 
reflect the light back into the fibre.
One of the most sensitive means of measuring physical changes is through the optical 
phase, which is detected interferometrically. Optical phase measurements are usually 
indirect measurements of other parameters which modify the scale factor of the sensor. 
Many systems utilising optical phase detection rely on the optical intensity being known, 
and so spurious fluctuations in scale factor can be caused by variations in the intensity 
and the response function. In practice, interferometry and polarization modulation are 
similar. Light of equal intensity is introduced into two principal axes of a delay medium; 
this may be a crystal or a fibre. A polarization analyser, which is located to receive equal 
intensities from each principal axis in the neutral state, is used to detect the light. This 
analyser produces a signal which behaves exactly as tire signal through an interferometer,
7
depending on the differential phase between two principal axes of the birefringent 
medium.
Colour is a useful property to modulate provided that detailed knowledge of intensity 
variation with wavelength is not required at die detector (odierwise detection can be 
ambiguous). The use of temperature-sensitive luminescence from optically excited rare 
earth phosphors, direct-bandgap semiconductors and similar materials are examples of 
the most successful of such a metiiod.
1.4.3 D igital Technique
Frequency modulation is an example of a digital technique. The input light interacts with 
a mechanical oscillator which modulates the output light and so modifies the returned 
optical signal. The environmental parameter of interest is related to the frequency of the 
mechanical oscillator, which may be directly measured from die fr equency modulation of 
the output light.
Lim it switches utilise on-off intensity modulation. A  small transmission in the “off” 
position, or a reference signal at another wavelength, is present to ensure tiiat the link is 
working with the switch off. Measurement of Doppler shifts can be used to 
unambiguously determine apparent speed as observed at the end of the fibre, i.e. to 
determine particle velocities. Some commercial systems use modified laser Doppler 
velocimetry or rely on differential mixing between light reflected from die sample 
volume and light reflected from the end of a probe fibre. Pulse width modulation or decay 
time can be used as a basis for measurement. These two mediods are normally based on 
the decay of inorganic phosphors and are usually temperature sensitive. Conventional 
transducers can be interfaced to optically-powered, low-consumption electronics to 
produce a hybrid system. A  light emitting diode obtains the digitally intensity modulated 
output from a conventional transducer. Externally this appears exactly like an optical 
fibre sensor.
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For intrinsic sensors, direct modulation of the optical properties of die fibre itself is 
achieved by direct interaction of die light in the fibre witii mechanical parameters such as 
pressure, temperature, flow or displacement. Extrinsic modulators with mechanical 
moving parts are typically used to alter the fibre’s transmitted light; the optical properties 
of the material through which the light is being propagated can be directly influenced by 
die mechanical fields.
Various forms of optical spectroscopy are typically used for chemical quantities to be 
measured. The sample either in a cell (extrinsic device) or coupled to die evanescent field 
in a waveguide interacts witii die light used to illuminate the sample. Changes in 
absorption lines, Raman shifts or fluorescence are usually monitored by applying normal 
spectroscopic techniques; biochemical parameters are usually detected in a similar way. 
The following basic parameters can be used to specify an optical source: the wavelength; 
the variation in optical powers witii wavelength; die variation in optical powers witii 
optical loading (reflections); the variation of these parameters witii temperature; electrical 
bias conditions and time. Surface- and edge-emitting light-emitting diodes, 
semiconductor lasers and solid state, externally-pumped lasers are all types of optical 
sources and all have been used in sensor systems. Hot filament lamps have also been 
shown to be useful especially for chemical and / or chemically active sensor systems. 
Some form of quantum optical detector is used by most, if  not all, optical fibre sensors. 
Observing die thermal effects of radiation provides die basis for a very important class of 
photo-detectors and tiiese may be useful particularly for use in the near- and mid-infrared.
1.4.4 Fibre Optic Sensors and the O il Industry
Fibre optics are currently used for a number of different applications witiiin the oil 
industry. These include die monitoring of oil wells, power cable temperatures, undersea 
data communications, fire and leak detection, geophysical exploration, and geothermal 
well sensing [23]. The very nature of die oil industry means that much work is carried out 
under harsh conditions and, as a result, specialised coatings have been developed for 
optical fibres in order to prevent their deterioration over tune. Typically, a silica glass 
fibre is surrounded by a thin carbon coating, which in turn is coated with a polyimide.
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Optical fibres are already used within die oil industry in order to determine the 
temperature and pressure down oil wells. This provides useful information, such as when 
it is necessary to increase the pressure down a well by pumping steam down to push oil 
out; die latter is carried out in order to obtain as much extra oil as possible after the initial 
free oil flow. However, this is very costly and considered only at die most opportune 
times in order to save both time and money.
One way of using fibre optic sensors for the detection of hydrocarbons has been studied 
by MacLean et a l  [30], whose sensor works by incorporating a liquid-swellable polymer 
which, when activated, causes die polymer to swell and exert a microbend force on the 
fibre. This swelling occurs in the presence of a range of hydrocarbons, and leaks can be 
detected when and where they occur up to a source-sensor separation of 2 km. Work had 
previously been carried out by Beltran-Perez et a l  on fibre optic sensors using soft and 
swellable materials which caused pure bend losses when hydrocarbons were detected 
[31]. Spirin et a l  had also discussed die potential of a novel swellable polymer used in 
conjunction witii a sensor based on fibre optic Bragg grating. They observed a shift of 
more than 2 nm in the grating Bragg wavelength for 20 minutes’ gasoline influence [32].
1.4.5 Sol-Gel based Fibre Optic Sensors
Optical fibres have been coated with sol-gel thin films for a variety of sensor 
applications. The potential of combining sol-gel coatings with optical fibres for chemical 
sensors was discussed by Badini and Grattan [24] who investigated the effects of 
preparation, ageing and long-term storage on an organically doped sol-gel. They showed 
tiiat sol-gels incorporating pH sensitive dyes could witiistand immersion in water, drying, 
and reimmersion witiiout fragmenting and still exhibit strong fluorescence. A  sol-gel 
coated S i0 2 fibre optic pH sensor based on the adsorption of a-naphtliolphthalein was 
described by Ben-David et a l  [25]; tiiis study demonstrated tiiat the absorption-based sol- 
gel sensor was attractive due to its large dynamic range, simplicity and very low cost. 
Wang et a l  fabricated pH sensors using sol-gels obtained from acid catalysed hydrolysis 
of tetraetkoxysilane and phenyltriethoxysilane doped with phenol red [26]. The sensors
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were long lasting with fast response times for the detection of pH in the range of pH 6-12. 
A  more detailed section on sol-gels is presented in section 1.5.
Calvo-Munoz et a l  [33] investigated the use of a mixture of TMOS (tetramethoxysilane) 
and MeTMOS (methyltrimethoxysilane) to produce hybrid organic inorganic monoliths 
and thin films. The aim of their work was to selectivity trap and discriminate benzene and 
toluene and to reduce the pore size of their samples in order to eliminate water 
adsorption. Their work demonstrated that a reduction in the local pore polarity, by 
increasing the proportion of MeTMOS in the hybrid matrices, they could reduce die 
retention of water vapour. They also proposed that witii optimisation of the porosity, 
polarity, and thickness of die xerogels, benzene could be detected with a threshold of 1 0 0  
ppb.
Fibre optic sensors capable of determining multiple parameters would provide greater 
efficiency and permit interacting or interdependent parameters to be determined 
individually. Potyrailo et a l  have fabricated a dual-parameter optical sensor, capable of 
determining temperature and pressure [27], which consisted of a temperature sensitive 
core and a humidity sensitive cladding.
1.4.6 Infrared Spectroscopies with Fibre Optics
Fibre optics provide an alternative to conventional systems for die detection of methane 
widi die spectroscopic absorption of a gas sample being measured and a few systems 
based on tiiis principle have already been produced. The typical wavelength at which 
these systems operate in is 3-5 jam (cm' 1 =104  / jam), which is within the mid-infrared 
range, whilst relatively broadband optical filters are used to select the range of 
wavelengdis diat are appropriate. However, metiiane displays a relatively strong 
absorption band at 3.3 jam thus overcoming signal to noise issues, tiiese systems are of 
high cost. As a result their use is typically limited to situations where diere is a need to 
integrate the measurement of mediane gas density over relatively long open patii lengths. 
Other hydrocarbon species have absorption bands close to methane and can be detected 
with a broad band source.
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Fibre optic sensors have several advantages over conventional electrochemical, pellistor, 
semiconductor and flame ionisation detectors. They are chemically inert, immune to 
poisoning, highly sensitive, stable, safely operated in explosive environments, and flee 
from EM I. Remote interrogation systems, with the optical source several kilometres away 
from the point of measurement, are possible as a result of the availability of optical fibre 
comimmications-based components. This also highlights the potential of a complex 
multiple sensor network. However, the use of mid-infrared systems in conjunction with 
optical fibres is not easy. Work using chalcogenide glass and fluoride glass (both 
transparent in the mid-infrared) based fibre technology has been carried out [28], but was 
difficult to use and expensive. Silica provides a cheaper option, but the usable 
wavelength region is reduced to the near infrared (0 . 8  -  1 . 8  pm) due to significant losses 
in the Ultra Violet, visible and mid infrared spectral regions. Silver halide fibres were 
coated with organically modified sol-gels by Janotta et a l  to produce mid-infrared fibre 
optic sensors for the detection of nitro-based aromatic compounds; these sensors enabled 
reproducible detection of these compounds in die low ppm concentration range [29].
The silica window operates in tire “telecom range” of 0.8 -  1.6 pm in most fibre optics. 
An absorption line of methane is found at 1.667 pm, which just falls short of this range. 
Although die line strength is much lower than that of the mid-infrared fundamental line 
(about a factor of 2 0 0  below), it has a higher photon energy and so the optical signal can 
be detected without cooling. The 1.667 pm absoiption line of metiiane is an overtone 
band found in die near-infrared. It is found within the Q branch of the 2 r>3 band of 
metiiane. This band is the strongest absorption band of methane below 2 pm. Kiyoji 
Uehara and Hideo Tai [34] carried out work on die real-time detection of metiiane using a 
1. 6 6  pm diode laser, and having looked at die absorption spectra of the Q branch of the 
2 1 ) 3 of metiiane at low pressure and at atmospheric pressure, they determined that the 
Q(6 ) line has the strongest peak in the Q branch. This peak is strong enough to be used 
for the detection of methane, when combined with some sort of modulation technique.
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1.5 Introduction to Sol-gels
Sol-gel materials are prepared by the sol-gel process which involves the generation of 
colloidal suspensions called sols. These are converted to viscous gels and then into solid 
materials [35], A  colloid is described as a suspension containing particles so small (-1-
1 0 0 0  nm) that the effect of gravitational force is negligible compared to the dominant
forces (short-range forces such as van der Waals attraction and surface charges). A  sol is 
a suspension of colloidal particles in a liquid that are undergoing Brownian motion. A  gel 
is a solid colloidal system where the dispersed phase has formed a coherent network, 
which is normally inter-penetrated by a liquid [36]. Gels can be sub-divided into four 
distinct groups [37]:
i) well ordered lamellar- structures;
ii) disordered covalent polymeric networks;
iii) predominantly disordered polymer networks formed by physical 
aggregation;
iv) par ticular disordered structures.
Conventional methods of glass production, processing, and technology have been limited 
to the high temperature melting of salts, minerals, and oxides (as has been die case for die 
past 4000 years [38]). The sol-gel process provides an alternative room temperature route 
to die production of amorphous silicates and oxides.
In 1845, Ebelmen [35] reacted silicon tetrachloride with alcohol to prepare the first 
reported silicon alkoxide, which he gelled on exposure to die atmosphere. His work 
showed that fibres could be drawn from the viscous gel and that optical lenses and 
composites could be formed from casting the gels and drying them over a sufficiently 
long period [39, 40], During the 1850s, Mendeleyev [41] discovered that SiC l4  hydrolysis 
produces Si(OH)4, which undergoes repeated condensation reactions to form 
polysiloxanes of high molecular- weight. In the 1930s, Geffcken [42] noted the potential 
for the use of allcoxides in oxide film  preparation and the Schott glass company in 
Germany went on to develop this process [43]. During die 1930s mineralogists also
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became interested in using sols and gels for the preparation of homogeneous powders for 
use in studies of phase equilibria [44-47], At about this time (though published later), the 
nuclear fuel industry carried out work preparing small spheres of radioactive oxides from 
sol-gels to be packed into fuel cells for nuclear* reactors [48, 49] in order to avoid die 
generation of dangerous dust normally produced in the process.
In die late ‘sixties and early ‘seventies gels became of interest to die ceramics industry. 
Levene and Thomas [50] and Dislich [51] independently developed the preparation of 
multicomponent glasses by the controlled hydr olysis and condensation of alkoxides. The 
formation of clear moulded articles at 923 K  from the hot pressing of dehydrated gel 
granules containing S i0 2 -B 2 0 3 -A l2 0 3 -Na20  and K 20  was reported by Dislich. Yoldas 
[52, 53] and Yamane et a l  [54] demonstrated that monoliths could be prepared by drying 
gels carefully. The advantages of die sol-gel process, as well as die potential for easy 
scale-up, have since been discussed by Dislich [55].
1.6 The Sol-gel process -  an overview
There are two metiiods of processing witiiin the field of sol-gel [38]. Method 1 (known as 
the colloidal metiiod) is die dispersal of colloidal particles to form a sol eventually 
yielding a gel. Method 2 (allcoxide method) is the polymerisation of organometallic 
compounds (alkoxides or nitrates) to produce a gel with continuous polymeric network 
[56]; the alkoxide method is the more popular of the two.
Owing to their facile reaction witii water, metal alkoxides are popular precursors for the 
sol-gel process. A  hydroxide ion attaches to the metal atom (hence die reaction is labelled 
hydrolysis):
Si(OR ) 4  + H20  HO~Si(OR) 3 + ROH Equation 2
Hydrolysis may go to completion, with all OR groups being replaced by OH, depending 
on the amount of water and catalyst present.
Si(OR)4 + 4H20 -> Si(OH)4 + 4ROH Equation 3
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However, the hydrolysis may terminate when the metal is only partially hydrolysed 
(Si(O R)4 .n(OH)n), under different synthetic conditions. A  condensation reaction can then 
link two partially hydrolysed molecules together with a small molecule, normally water 
or an alcohol, being liberated:
(RO)3 Si-OH + HO-Si(OR ) 3 -+  (R 0)3 Si-0 -Si(0 R ) 3 + H20  Equation 4
or
(RO)3 Si-OR + HO-Si(OR ) 3 ->  (R 0)3 Si-0 -Si(0 R ) 3 + ROH Equation 5
In reahty hydr olysis and condensation reactions occur simultaneously and are generally 
incomplete [57]. Ultimately, the combination of these reactions leads to the formation of 
a metal-oxygen-metal bridge, which is the backbone of any ceramic oxide structure. An 
increase in the density and complexity of the backbone crosslinks results from the 
continuation of this process.
1.7 Sol-Gel parameters
A  wide variety of parameters control the sol-gel process and its chemistry; such 
parameters include the nature of the precursors or catalysts, pH, the solvent, and the 
water to alkoxide ratio (/j. These are described individually below.
1.7.1 pH
The sol-gel process is pH dependent and tire polymerization process can be divided into 
three approximate domains: pH < 2, pH = 2-7, and pH > 7 as determined by Iler [58]. 
Within the pH range of 1-3 the p o in t  o f  z e r o  c h a rg e  (PZC), where the surface charge is 
zero, and the isoelectric point (IEP), where die electrical mobility of die silica molecules 
is zero, occur. This therefore leads to the appearance of a boundary at pH 2. The silica 
solubility and dissolution rates are maximized above pH 7 and, because the silica 
particles are appreciably ionized in this regime, growtii of S i0 2 particles occurs without 
aggregation or gelation.
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1.7.2 Precursors
The most common precursors used in the sol-gel process are the tetraallcoxysilanes of 
which the most widely used are tetraethoxysilane (Si(O C 2 H5 )4 ) or tetrametlioxysilane 
(Si(OCH 3 )4 ). These are abbreviated to TEOS and TMOS respectively from now on. 
Organotrialkoxysilane (R ’Si(OR)3 ) and diorganodialkoxysilane (R ’2 Si(OR)2) precursors, 
whose R ’ represents organic substituents boimd directly to the Si atoms that are 
nonhydrolysable, may be used in order to impart organic character, derivatise the 
siloxane network, or reduce the functionality (number of sites potentially able to form Si- 
O-Si bonds) [35]. The kinetics of the hydrolysis and condensation reactions are largely 
determined by the steric bulk and electi on-donating / -withdrawing characteristics of the 
alkoxide or organic substituents attached to the silicon [59]. Kinetic considerations or 
compatibility with the precursors of the other network-forming elements in a 
multicomponent silicate gel synthesis often dictates the use of specific precursors.
Hybrid systems where several precursor types are combined are labelled organically 
modified silicates (ORM OSILS [60, 61] or CERAM ERS [62, 63]). Silicate products with 
unique properties have been developed by Schmidt and co-workers [60, 61] by 
combining tetraalkoxysilanes with alkyl-substituted and organofunctional allcoxysilanes: 
Si(OR ) 4  + R 2 Si(OR ) 2  + Y R ’Si(O C 2H 5 ) 3  where R  represents an alkyl group, R ’ an 
allcylene structure, and Y  an organofunctional group such as -(CH 2 )3NH2 , -(CH 2 )3NHCO- 
0-NH2, -(CH 2 )3 S(CH 2 )2 CHO, etc. It is possible to form an organic network in addition to 
the inorganic one when Y  is a polymerisable ligand such as an epoxide [64]. An 
unlimited number of chemical and structural modifications can, in principle, be 
incorporated in such hybrid systems. The solubility or thermal stability of the organo­
functional substituents are the basis for tire choice of specific precursors.
1.7.3 Catalyst
Employing catalysts provides the most rapid and complete hydrolysis of the precursors. 
The common catalysts utilised in the sol-gel process are mineral acids or ammonia, but 
other catalysts include ethanoic acid, amines, ICOH, ICF, HF, titanium alkoxides, and
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vanadium alkoxides and oxides [65]. Mineral acids are reported to be more effective 
catalysts than the equivalent bases. However, the generation of unhydrolysed monomers 
v ia  base-catalysed alcoholic or hydrolytic depolymerisation processes, and increasing 
acidity of silanol groups with the extent of hydrolysis and condensation (basic catalysts 
are neutralised by acidic silanols [6 6 ]) have not been studied in depth.
The hydrolysis of TEOS was investigated by Aelion et a l  [67, 6 8 ] under acidic and basic 
conditions with several co solvents: ethanol, methanol and dioxane. It was observed that 
the strength and concentration of the acid or base catalyst influenced the rate and extent 
of the hydrolysis reaction significantly more than with variations in solvent and 
temperature. Strong acids were found to all behave in a similar way while weaker acids 
required longer reaction times for the same extent of reaction to be achieved. A  first order 
reaction for acid catalysis was concluded from plots of the logarithm of the hydr olysis 
rate constant v e rsu s  log [HC1], which produced a slope of unity. Specific acid catalysis 
was implied, as both postulated hydrolysis reaction mechanisms involved hydronium 
ions, but general acid catalysis could not be ruled out completely.
The hydrolysis of TEOS under basic conditions was also shown to be a function of the 
catalyst concentration [67]. The hydrolysis reaction was found to be first order in [NaOH] 
when the solution was very dilute. Increasing the TEOS concentration meant that the 
reaction no longer exhibited a simple order with secondary reactions adding 
complications. Measurable speeds of reaction were only produced with the weaker bases, 
ammonium hydroxide, and pyridine, when present in large concentrations. The nature of 
tire solvent had a larger impact on the hydrolysis kinetics than when acidic conditions 
were used.
Pope and MacKenzie [69] summar ised the effects of various catalysts on the overall rates 
of hydrolysis and condensation based on the times requir ed for gelation and where TEOS 
was hydrolysed in ethanol with four equivalents of water ( r  = 4); tire effects of tire
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hydronium ion, hydroxyl ion, and conjugate base (in particular F )  were clearly 
demonstrated witli gelation times ranging over an order of magnitude (Table 1.1). F  and 
OH' ions are approximately the same size with similar roles as demonsti'ated by HF 
catalysed gels having many similar' properties to those of base catalysed gels [70].
Table 1.1: Solution pH and Gel Times for TEOS Systems Utilising Different Catalysts.
Catalyst Cone, 
(mol. : TEOS)
Initial pH of solution Gelation time (h)
HF 0.05 1.90 1 2
HC1 0.05 a 92
h n o 3 0.05 a 1 0 0
H2 S0 4 0.05 a 106
HOAc 0.05 3.70 72
NH4 OH 0.05 9.95 107
No cat. — 5.00 1 0 0 0
a = between 0.01 and 0.05
1.7.4 Steric and Inductive Effects
The hydrolytic stability of organoxysilanes is affected the most by steric (spatial) factors. 
The hydr olysis of allcoxysilanes is retarded by any complication of the alkoxy group, but 
the rate of hydrolysis is lowered the most by branched alkoxy groups [65].
The silicon’s electron density is increased by substituting alkyl groups for alkoxy groups. 
However, the silicon’s electron density is decreased by hydrolysis (OH replacing OR) 
and condensation (OSi replacing OR or OH) (see Figure 1.2). The stability of positively- 
and negatively- charged transition states ar e therefore increased by alkyl substitution and 
hydroxyl or bridging oxygen substitution respectively. The kinetics of reactions involving 
the positively- and negatively-charged transition states are enhanced if  inductive effects 
play an important role.
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Figure 1.2: Inductive effects of substituents attached to silicon: R, OR, OH, or OSi [71].
Inductive effects were investigated by Schmidt et a l. [72] who showed that the rate of 
hydrolysis under acidic conditions increased with the degree of substitution, x, of electi on 
providing alkyl groups in the system (CH 3 )X(C 2H 5 0 ) 4  - xSi (where x varies from 0  to 3); 
under basic (NH3) conditions this trend is reversed. That the hydrolysis mechanism is 
sensitive to inductive effects is consistent with the acceleration and retardation under 
acidic and basic conditions with increasing x and the extent of alkyl substitution appears 
to leave it apparently unaffected. The inductive effects can be used as evidence for 
positively- and negatively- charged transition states or intermediates under acidic and 
basic conditions respectively due to the increased stability of die transition state which 
increases die reaction rate. The hydrolysis rate decreases with each subsequent election 
withdrawing step under acidic conditions. In comparison witii OR, the electron 
wididrawing properties of OH (and OSi) lead to a condition where, as hydrolysis and 
condensation proceed, each subsequent hydrolysis step occurs more quickly.
For tetraallcoxides, die effect of steric and inductive effects on condensation rates are not 
well documented. This is mainly because tiiere are two different condensation reactions 
occurring between solution species (monomers, oligomers, e tc.) that differ substantially 
in the extent of previous hydrolysis. Voronkov et al. [65] reported that for 
triorganosilanols, there is a decrease in die rate of condensation when tiiere is an increase 
in the length or branching of the alkyl radical chain; when aromatic groups are present, a 
decrease in die rate of condensation occurs as a result of an increase in tiieir number. 
W itii commonly-used tetraftuictional allcoxides, condensation is retarded by substituents
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that increase the transition state’s steric crowding. When there is an increase in the 
number silanols on the silicon atom (increasing acidity of silanols) the rate of 
condensation also increases. Voronkov et a l. stated that steric effects dominate over 
inductive effects in acid-catalysed condensation of diallcylsilanediol even though 
inductive effects are important.
1.7.5 H?Q : Si Ratio, r
The value of r  is varied from < 1 to over 25 depending on the type of hydrolysis product 
required, e.g. bulk gels, colloidal particles or fibres. The hydrolysis reaction is promoted 
by an increase in the r  value as evident in Equations 2 and 3. The rate of the acid 
catalysed hydrolysis of TEOS in [H2 0] was found to be first order with respect to water; 
an apparent zero order reaction dependence being observed for the base catalysed 
hydrolysis [67, 6 8 ]. When a constant solventsilicate ratio is maintained and r  is 
increased, there is a reduction in die silicate concentration; this results in an increased gel 
time as the hydrolysis and condensation rates are reduced [73].
Liquid-liquid immiscibility results from large values of r  with subsequent 
homogenization due to formation of by-product alcohol with both the hydrolysis reaction 
and partial hydrolysis of die TEOS precursor [74]. Large values of r  promote hydrolysis 
of the siloxane bond, due to water being die by-product of the condensation reaction (see 
Equation 4).
1.7.6 Solvent
Solvents were traditionally used to control die concentrations of water and silicate, which 
influenced the kinetics of gelation and prevented liquid-liquid phase separation in the first 
stages of the hydrolysis reaction [74]. More recent studies have looked into the effect of 
solvents as d r y in g  c o n tro l c h e m ic a l a d d it iv e s  (DCCA), which are used, alongside 
alcohols, as cosolvents in order to promote rapid drying, without cracking, of monolithic 
gels [75],
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There are four* classes of solvents: polar, non-polar, protic, (with a “labile”, easily 
removed, proton), and aprotic. The important characteristics of solvents with regard to 
solvating power are: polarity, dipole moment, and avaliabilty of labile protons. Both 
polar and non polar species depend on polarity for their solvating ability; the polar 
tetrafiinctional silicate species used in sol-gel processing are principally solvated by 
water, alcohol, or formamide. For alkyl-substituted or incompletely hydrolyzed systems, 
less polar- solvents such as dioxane or tetrahydrofirran (THF) are used. When both polar 
and non polar- species are present in the solution, solvents that show both polar and non 
polar character (e.g. ethyl alcohols such as methoxyethanol or ethoxyethanol) are used. 
The length over which the charge on one of the species of the solvent is “felt” by species 
surrounding it is determined by the dipole moment; this length becomes lar ger with lower 
dipole moment. This is important in electrostatically stabilised systems and when die 
distance over which attraction or repulsion of a catalytic species from potential reaction 
sites, depending on die charge, is considered.
Whetiier anions or cations are solvated more strongly tiirough hydrogen bonds depends 
on the availability of labile protons. Catalytic activity under basic or acidic conditions is 
reduced by the presence of solvent molecules that hydrogen bond to hydroxyl ions or 
hydronium ions respectively because hydroxyl (pH > 7) or hydronium ions (pH < 7) 
catalyse hydrolysis. The extent of re-esterification or siloxane bond alcoholysis or 
hydrolysis (die reverse reactions) is influenced by the availability of labile protons on die 
solvent. Aprotic solvents (e.g. THF or dioxane) are “inert” and do not take part in reverse 
reactions; they cannot be deprotonated to form nucleophiles tiiat are strong enough for 
tiiese reactions. The reaction kinetics can be influenced by the use of aprotic solvents, 
which can increase the strengtii of nucleophiles or decrease die strength of electrophiles. 
Protic solvents promote acid-catalysed condensation and retard base-catalysed 
condensation; aprotic solvents have die opposite effect. This is because protic solvents 
form hydrogen bonds witii nucleopliilic deprotonated silanols, and aprotic solvents form 
hydrogen bonds with electrophilic protonated silanols.
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The solvent also has the ability to promote depolymerisation. Iler [58] proposed that 
condensation produces molecular networks when the conditions suppress 
depolymererisation, but highly condensed colloidal particles are formed, due to 
restructuring, when the conditions promote depolymerisation. Highly condensed species 
are formed when aprotic solvents are used in base-catalysed hydrolysis of siloxane bonds 
as they are not able to form hydrogen bonds with OH"; therefore, OH" is a stronger 
nucleophile and so promotes restructuring.
1.8 The Hydrolysis step
It is generally argued that hydrolysis proceeds v ia  bimolecular nucleophilic displacement 
reactions (SN2-Si reactions) with pentacoordinate intermediates or transition states [71, 
76, 77]. This is based on the factors that the reaction with respect to water and silicate is 
observed to be a two and one reaction order which respectively result in third- and 
second-order overall kinetics. The hydrolysis reaction of tetraalkoxy- and 
organoalkoxysilanes is influenced by steric and inductive effects and appeals to be 
specific acid (H3 0 +) and base (OH ) catalysed.
1.8.1 Acld-catalvsed Hydrolysis
The first step in acid-catalysed hydrolysis protonation of an alkoxide group; the silicon is 
made electrophilic by electron density withdrawal and so is more susceptible to attack by 
water, which attaches to the opposite side of the Si centre and aquires a partial positive 
charge (Figure 1.3). Deprotonation of the attached water leaves the attached alcohol as a 
better leaving group. Displacement of the alcohol on decay of the transition state 
concludes the process with the silicon tetrahedron inverted.
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Figure 1.3: SN2-Si acid catalysed hydrolysis [78].
The above mechanism is consistent with the observation that die hydrolysis rate is 
increased by substituents that provide less steric hindrance around the central silicon. The 
hydrolysis rate is also increased, but to a lesser extent, by the presence of electron- 
providing substituents which stabilise die developing positive charges.
1.8.2 Base-catalvsed Hydrolysis
The first step in base-catalysed hydrolysis is likely to be the rapid dissociation of water 
producing highly nucleophilic hydroxide anions, which tiien attack die silicon atom. An 
SN2-Si mechanism whereby OH" displaces OR" inverting the silicon tetrahedron was 
proposed by Iler [58] and Keefer [6 6 ].
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Figure 1.4: S^-Sibase catalysed hydrolysis [79].
This mechanism is affected by both steric and inductive factors, as with the acid- 
catalysed hydrolysis, with steric factors being more important as silicon acquires little 
charge in die transition state.
An SN2**-Si or S^'^-Si mechanism involving a stable pentacoordinated intermediate 
was proposed by Pohl and Osterholtz [77], Decay of the intermediate is through a second 
transition state in which a partial negative charge can be acquired by any of the 
surrounding ligands. Hydrolysis only occurs when an alkoxide anion is displaced; this is 
aided by hydrogen bonding between the alkoxide ion and the solvent.
OH" + Si(OR)4
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5 - I / 0 R
R O  3 L
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Figure 1.5: Formation of a stable pentacoordinate transition state din ing SN2**-Si
hydrolysis reaction [80].
1.9 The Re-esterification Step
Re-esterification, the reverse of the hydrolysis reaction, with displacement of a hydroxyl 
group by an alcohol molecule, producing an alkoxy ligand and water as a by-product, 
occurs v ia  similar mechanisms to those described for the hydrolysis reaction. However, 
the formation of an active six-membered transition complex containing two alcohol 
molecules was proposed by Voronkov [65].
It has been observed that re-estification proceeds much further in acidic conditions [54, 
81, 82]. Keefer [6 6 ] concluded that an inversion of configuration was involved in the
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base-catalysed mechanism but not in the acid-catalysed mechanism. Protonation of a 
silanol group is likely to be the first step of the acid-catalsyed re-esterification; the first 
step of the base-catalysed is likely to be an alcohol forming a nucleophile. The tendency 
towards re-esterification under acidic conditions results from silanol groups being easy to 
protonate at low pH.
During the drying of gels, re-esterification is important as the excess water can be 
removed completely in many solvent systems v ia  an azeotrope, which has a higher 
vapour pressure than neat water or solvent. Common and contradictory observations [81, 
82] show that, although hydrolysis readily goes to completion with a slight excess of 
water under acidic conditions, there may be substantial esterification of the dried gel.
1.10 The Condensation Step
The formation of siloxane bonds (-Si-O -Si-) v ia  polymerisation occurs by a condensation 
reaction producing either an alcohol or water. Iler [58] discussed the water producing 
condensation reaction in detail with respect to the formation of silicate polymers and gels 
in aqueous media. Aqueous silicates at high pH were investigated by Engelhardt and co- 
workers using 29Si NMR spectroscopy [30]. From these results a typical sequence of 
condensation products was determined: monomer —> dimer —► linear triiner —> cyclic 
trimer —» cyclic tetramer —» higher order rings.
Both depolymerisation (ring opening) and the availability of monomers (in solution 
equilibrium with oligomeric species and / or generated by depolymerisation) are required 
for this sequence of condensation (reverse of Equations 4 and 5). The depolymerisation 
rate, however, is lower in the alcohol-water solutions normally used in the sol-gel process 
than in aqueous media particularly at low pH. To explain condensation in aqueous silicate 
systems the most widely accepted mechanism for the base-catalysed condensation 
reaction involves the attack of a neutral silicate species by a nucleophilic deprotonated 
silanol [58],
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It is generally believed that a protonated silanol species is involved in the acid-catalysed 
condensation mechanism as gel times are observed to decrease below the isoelectric point 
of silica in aqueous silicate systems [35]. The silicon is made more electrophilic due to 
protonation of die silanol and so is more susceptible to nucleophilic attack. The most 
likely to be protonated are die basic silanol species (especially, contained in monomers or 
weakly branched oligomers). Condensation reactions therefore preferentially occur 
between neutral species and protonated silanols situated on monomers, end groups of 
chains, etc.
For both the base- and acid-catalysed condensation, the proposed mechanism involves 
penta- or hexacoordinate transition states or intermediates, and so both steric and 
inductive factors w ill again influence the reaction kinetics. The condensation kinetics w ill 
be enhanced by a reduction in steric crowding in the transition state or intermediate and / 
or by electron donating substituents (e.g. alkyl) attached to die central silicon. Similar 
reasoning leads to the hypothesis that the condensation kinetics are retarded by extensive 
hydrolysis and condensation, which destabilises the positively charged intermediate or 
transition state, in the acid-catalysed condensation reaction [35].
1.11 The Gelation Step
Silica sol particles are produced by the hydrolysis and condensation reactions described 
in detail above. When links form between these to the extent that a giant cluster spans the 
containing vessel, gelation is said to occur with the gel extending in tiiree dimensions. 
The initial gel has high viscosity but low elasticity and is still located witiiin die sol 
phase. The particles and polymers present continue to develop with further cross linking 
and die process is only complete when the final siloxane bond between two large 
particles is formed. Characterising the gelation point is difficult due to there being no 
associated exothenn or endotiierm, or any discrete chemical change. The point of gelation 
is therefore described simply as the point when the vessel is tipped and the solution does 
not pour.
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There are two main theories that provide an explanation of the process of gelation, the 
classical theory of Flory and Stockmayer [84] and the percolation theory. The classical 
theory in its simplest form only considers chain extension and branching, predicting that 
the growing chains at the periphery of a growing polymer particle have an increasing 
density as the particle grows. Eventually overcrowding occurs with the prediction of 
indefinitely increasing density with particle size being unsatisfactory.
Random filling of sites, or formation of bonds between sites, on lattices forms the basis 
of die percolation theories of gelation [85]. It is difficult to account for die formations of 
systems composed of sol particles using the percolation theory due to the absence of any 
correlation between successive bond formations. This description of the linking of sol 
particles to form gels can, however, be used.
1.12 Sol-Gel Monoliths
The product of the gelation is generally called a monolith if  the smallest dimension of the 
gel is greater than a few millimetres. The gelling of the sol is not the end of the process, 
and further processes usually occur. Ageing refers to the process of structure-property 
change after gelation. Drying of the sol may also take place and if  this drying is 
spontaneous it is referred to as sy n e re s is . Drying is also possible by evaporation under 
normal conditions; this leads to capillary pressure resulting in shrinkage of die gel 
network. This dried product is called a x e ro g e l, which has shrunken in volume by a factor 
of 5 to 10 compared to the wet gel. The product may also be dried supercritically or 
hypercritically by placing die sample in an autoclave and drying under supercritical 
conditions; as tiiere is no interface between liquid and vapour, there is no capillary 
pressure and so little shrinkage occurs. This process leads to the production of an a e ro g e l.
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1.13 Sol-Gei Coatings
A  sol-gel in the form of a fluid or a solution is ideal for the preparation of technologically 
important thin films. Films can be formed by common processes such as dipping, 
spinning, or spraying. Less equipment is needed for sol-gel film  formation in comparison 
with conventional thin film  forming processes and is potentially less expensive. More 
importantly, it is possible to contr ol the microstructure of the deposited film.
1.13.1 Dip Coating
The batch dip coating process has been divided into five stages by Scriven [8 6 ]: 
immersion, start-up, deposition, drainage, and evaporation (Figure 1.6). Evaporation 
usually accompanies the start-up, deposition and drainage stages when a volatile solvent 
such as an alcohol is used. The simpler process is that of continuous dip coating; where 
immersion is separated from the other stages, the start-up stage is essentially eliminated, 
and drainage is “hidden” in the deposited film.
On withdrawal from the sol, die substrate drags liquid along witii it towards the 
deposition region. At tiiis point the liquid is eitiier pulled upwards with the substrate or is 
returned back to the bath. The deposited films thickness depends on a competition 
between as many as six forces in the film  deposition region:
( 1 ) die moving substrate’s viscous drag upwards on die liquid;
(2 ) die force of gravity;
(3) the resultant force of surface tension in the concavely curved meniscus;
(4) the inertial force of the arriving boundary layer at die deposition region;
(5) the surface tension gradient;
(6 ) the disjoining or conjoining pressure.
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Figure 1.6: Stages of the Dip Coating Process: a) - e) batch coating and f) continuous
coating [8 6 ].
Generally evaporation is relied upon for solidifying the coating in sol-gel deposition, with 
the rate of diffusion of the vapour from the siuface of the film being the most significant 
factor in the rate of evaporation [85]. As a small amount of convection can greatly 
increase diffusion, the movement of the gas within a veiy thin layer (/ ~ 1 mm) determines 
die rate of diffusion. To a first approximation the evaporation rate is independent of die 
liquid depdi. Evaporation may not affect die composition of die liquid bath but die tiiin 
film undergoes a significant concentration increase. A  thinner film is produced with more 
overlap between the deposition and drying stages when the substrate speed is decreased. 
As dming die sol-gel film formation die condensation process continues, die extent of 
cross-linking tiiat occurs alongside the deposition and drainage stages is determined by 
the relative condensation and evaporation rates.
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1.13.2 Spin Coating
Spin coating was divided into four stages by Bomside et a l. [87]: deposition, spin-up, 
spin-off, and evaporation (see Figure 1.7). As with dip coating, evaporation occurs 
alongside the other stages. During the deposition stage an excess of liquid is deposited on 
the surface. Centrifugal forces drive the liquid outwards in a circular motion during the 
spin-up stage, with excess liquid flowing off as droplets having reached the perimeter of 
die surface during the spin-off stage. The rate of excess liquid removal by spin-off slows 
as die film thins as the resistance to flow increases with increased viscosity due to 
concentration of non-volatile components. Finally, evaporation becomes the major 
mechanism of film  thinning.
Spin coating’s advantage is tiiat dining spin-off die liquid film becomes a uniform 
tiiickness and tends to remain uniform provided that the viscosity does not vary over the 
substrate and is not shear dependent [8 6 ], The two main forces, centrifugal force which 
drives outwards in a circular motion and viscous force (friction) which acts in an inward 
circular motion, balance and control the thickness uniformity [8 8 ].
DEPOSITION SPIN-UP
SPIN-OFF y EVAPORATION
Figure 1.7: Stages of the spin-coating process [87].
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1.14 Silica-Titania Gels
Sol-gels may be produced from metal alkoxides other than the most extensively studied 
silica. Combining silicon alkoxides with other metal alkoxides provides a route to sol- 
gels with many different properties.
Transition metal alkoxides are much more reactive than silicon alkoxides and must be 
handled with care in a moisture free environment; they are often chemically modified to 
provide stability [89]. The increased chemical reactivity of the transition metal alkoxides 
is due to the metals’ lower electronegativity in comparison with silicon and the ability to 
exhibit many different coordination states. Transition metals have a much higher partial 
positive charge than silicon which explains their instability towards hydrolysis; a 
vigorous exothermic reaction occurs on contact with water.
S(Si) in Si(OEt) 4  = +0.32
5(Ti) in TfrpPr^ = +0.60
where 5(M) represents the partial positive charge on M for the metal alkoxides [90].
Si(OEt) 4  is less likely to undergo Sn2 -type attack by water during hydrolysis due to the 
reduced partial positive charge on Si. However, tire hydrolysis of the T i allcoxide w ill 
occur readily and fast, threatening die formation of a precipitate. This difference in the 
rates of hydrolysis for the two alkoxides causes problems when combining die two with 
die homoalkoxy groups producing the corresponding M-(OH) species which may 
condense with heteroalkoxy groups particularly if  die homo- groups are depleted. A  
heterogeneous binary oxide may be produced as a result of the two component sol 
continuing to undergo hydrolysis and condensation.
In order to produce a clear, homogeneous, and consistent product, the sol-gel process 
needs to be carried out in a solvent that is mutually miscible with the precursors for a 
molecular scale homogeneous mixing. Yoldas discussed a process specifically for silica- 
titania hybrids [53, 91, 92]. This process, referred to as pre-hydrolysis, involves a single
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compound, capable of reacting as a single unit, being formed from the slower 
hydrolyzing precursor (see Equation 2). The ethoxysilane that results is soluble in ethanol 
and therefore can react readily with other metal alkoxides (see Equation 6 ).
(RO)3 -Si-OH + Ti(O R ) 4  (RO)3 -Si-0-Ti-(O R ’ ) 3 + R ’(OH) (Equation 6 )
Glass network formers of S i and T i linked by an oxygen atom are contained within the 
resulting compound, which is soluble and therefore does not precipitate. The addition of 
more water (and solvent) at this stage causes further polymerization and eventually 
formation of die sol-gel.
The pre-hydrolysis mediod was used by Ramirez-del-Solar et al. [93, 94] to prepare 
silica-titania from TEOS at 273 K  with aqueous hydrochloric acid as die catalyst and widi 
subsequent addition of acetic acid-modified titanium butoxide. They concluded, by 
comparing the results of ultrasonic and classical methods in terms of structure, that at 
lower temperatures the former gels sintered to produce die anatase form of titania instead 
of die expected rutile at higher temperatures. This was consistent with observation by 
Yoldas [95] who used the pre-hydrolysis method with the ethoxide titanium precursor to 
produce silica-titania.
An alternative to pre-hydrolysis as a method for producing multi-component oxide gels 
with improved molecular homogeneity is v ia  simple refluxing. Em ili et a l. [96] refluxed 
TEOS, acetylacetone and titanium butoxide at 353 IC for 2 horns to produce silica-titania 
containing up to 19 wt %  titania; amorphous oxides were produced when heated to 973 IC 
which was thermally stable up to 1473 IC when the titania content was < 10 wt % but 
anatase phase was seen in samples witii 19 wt %  T i0 2  content. A  combination of pre- 
hydrolysis and refluxing techniques were used by Fardad et al. [97] where a mixture of 
1:0.5 (vol) etiianol and titanium n-propoxide was added to a system of TEOS, H2 O and
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HC1 ( r  — 1) followed by the remaining Ti(O R ) 4  and water; the solution was finally diluted 
with an equal volume of ethanol to produce the solution for coating.
A  non-hydrolytic solvent-free synthesis has been demonstrated by Hay and Ravel [98] 
who produced titanium-silicon binary metal oxides based on the reaction of a metal 
halide and a metal alkoxide. Multi-component oxides have also been produced by other 
methods which include using atmospheric moisture as the hydrolysis water source [99, 
1 0 0 ] and hydrolysing the components of the system prior to complete mixing [1 0 1 , 1 0 2 ], 
which has been reported to produce an amorphous silica network containing titania-rich 
domains [1 0 2 ].
When titania is combined with silica it decreases die tiiermal expansion coefficient of die 
resulting inorganic hybrid, increases the refractive index, decreases die strain and 
annealing points, decreases die softening temperature, changes the tensile strength, 
affects die resistance to chemical reactivity, and changes die dielectric constants [103, 
104]. Aldiough die titania content of the silica glass is important, it is still ambiguous as 
to the nature of the structural role of the titania [105], Henderson pointed out that when <
8.3 mol% (10.8 wt%) titania is incorporated tiien homogeneous gels are formed, but with
8.3 - 15 mol% (19 wt%) titania content metastable glasses are formed. At higher 
concentrations liquid immiscibility occurs [105].
1.15 Organic-Inorganic Hybrids
Anodier area provided by sol-gel chemistry is tiiat of hybrid organic-inorganic materials. 
The sol-gel process provides a low temperature route to these materials that is 
inexpensive and which overcomes historical obstacles to the combination of the two 
components. Organic-inorganic hybrid materials can be divided into two classes: class I 
hybrids contain weak bonds such as van der Waals and hydrogen bonds between die two 
phases; class II hybrids having stronger covalent bonds between die two phases. 
Combining these two classes can provide materials with additional properties. The 
properties that can be tailored include: strength, flexibility, controllable porosity,
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controllable surface characteristics (e.g. hydrophobic / hydrophilic), and ease of 
fabrication into thin films or fibres [106].
1.15.1 Class I
In class I materials, weak bonds such as van der Waals, ionic, hydrogen bonds, and /or 
hydrophilic -  hydrophobic balance link organic and inorganic components. The simplest 
representation of a hybrid material is when small molecules (such as dyes) are entr apped 
in an inorganic network. The refractive index can be tailored and the mechanical 
properties of the final material modulated by choosing a suitable composition of the 
inorganic matrix. Using a common solvent, the inorganic molecular precursor (alkoxide), 
the dye and catalyst are mixed; water is then added to start the polycondensation and the 
growing polymer entraps the dye molecules uniformly. Alternatively, an inorganic 
xerogel is dipped into a dye solution and capillarity action leads to the dye entities being 
distributed homogeneously.
The pores of sol-gel matrices can be filled with molecules on immersion in a solution 
with polymerisable organic monomers (e.g. a vinyl monomer such as 
methylmethacrylate, a diene such as butadiene, and derivatives) and a catalyst [107-110]. 
UV irradiation or thermal treatment starts the polymerisation of the organic component 
with the relevant polymer being formed (e .g . PMMA, PBu). Large transparent monoliths 
can be obtained with tunable refractive indices for use in optical applications.
Inorganic fillers have been incorporated in polymeric blends in order to adjust tire 
mechanical properties. This is carried out by mixing the polymer (or prepolymer) with 
the inorganic particles. However, agglomeration of particles usually results from tire high 
viscosity of tire mixture. The polyrner-frller interactions decrease as a result of the 
inhomogeneity but further drying steps are also required. Multicomponent ceramic pastes 
have been prepared from these techniques which can be cast into moulds [111-114], In  
situ  growth of the inorganic clusters inside tire polymeric structure is possible, which can 
overcome tire phase inhomogeneity of the materials [115, 116]. Typically, the polymer is 
mixed together with the metal alkoxide in a suitable solvent (an alcohol or THF); catalyst
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and water are then added initiating polycondensation. Weak interactions between both 
phases are sufficient to force both networks to interpenetrate mutually at the molecular 
level [117] to achieve good homogeneity.
Designing and preparing monolithic composite materials with good optical properties is 
challenging. There must be control of the homogeneity of the materials and the size and 
shape of the nanodomains. Shrinkage of the materials during the evaporation of die 
solvent is a major problem [118]. To avoid these problems, alternative preparative routes 
for homogeneous nanocomposites based on silica with minimal shrinkage and a wide 
choice of polymer structure and a range of silica-polymer compositions have been 
proposed. An example is the use of modified silicon alkoxides as the starting units [119, 
1 2 0 ] when two distinct reactivities are possessed by these alkoxide molecules: ( 1 ) 
Normal MOR groups, which causes the oxide network SiOx to form through the 
condensation reaction and (2 ) an organic polymerisable group.
One of the outstanding goals for materials scientists in recent years has been the 
obtainment of ordered structures. This can be achieved by the insertion of organic 
molecules or polymers into an anisotropic inorganic network. Insertion of organic 
molecules into host materials such as clays, silicates, metal phosphates and phosphonates, 
metaloxidehalides, chalcogenides, e tc. [1 2 1 , 1 2 2 ] have been reported extensively; the 
inorganic materials are typically dipped into a solution of die organic component. Redox 
reactions, acid-base chemistry, and solvent or ion exchange provide die driving force for 
the insertion process. The host structure can have molecules such as alcohols, 
alkylamines, metallocenium ions, viologens and sulfoxides [123-125] inserted. 
Alternatively, a monomer may be inserted first to enable in  s itu  polymerisation [126, 
127] (e.g. oxidative polymerisation of aniline, pyrrole and tiiiophene derivatives). 
Electronically conductive polymer nanostructures (polypyrrole, poly(3-methylthiophene) 
or polyaniline) have been obtained by the oxidative polymerisation of die corresponding 
entrapped monomers in a nanotubular alumina matrix [128]. Anisotropic inorganic 
particles may be built using an alternative approach where organic molecules and self­
assembled aggregates are employed as structure-directing agents. By depositing silica on
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to phospholipids tubules [129], hollow silica cylinders of sub-pin diameter may be 
obtained. The surfactant-inorganic hybrids w ill exhibit cubic, hexagonal or lamellar 
structures depending on the ratio of TEOS to basic aqueous surfactant solution.
1.15.2 Class I I
In class II materials die organic and inorganic components are grafted together through 
strong covalent or iono-covalent chemical bonds to form die desired hybrid structures. 
Two distinct functionalities are required in the precursor molecules: (1) alkoxy groups 
which in the presence of water w ill undergo hydrolysis-condensation reactions yielding 
the oxo-polymer framework, and (2) metal-to-carbon (M-C) bonds. When M is silicon, 
tin, mercury, lead, or phosphorus the organometallic links are stable to hydrolysis, unlike 
when M is a transition metal.
One mediod of producing hybrid materials is through a sequential synthesis, the 
inorganic network is first created by the polycondensation of the silicon alkoxide leading 
to an inorganic core surrounded by polymerisable and organic based functional groups 
being fonned. Next, a radical-reaction is initiated to react the organic groups. There has 
been extensive study of such systems containing mediylmediacryl, vinyl, allyl, and epoxy 
functional groups. Covalently bonded hybrid materials are formed with both components 
being network formers [35, 112-114, 130, 131]. Materials with a wide range of properties 
are obtained by careful selection of the reaction conditions, le .  the organic: inorganic 
ratio, and organic group containing precursors.
When two or more Si(OR ) 3  groups are bonded to organic units (R 5), through Si-C  bonds, 
they are called polyfunctional silanes; the generic formula is (RO)3 Si-R ’ -Si(O R ) 3  when 
die R ’ unit is bonded to two trialkoxysilane groups. To obtain hybrid materials, die 
trialkoxy groups must be condensed further in the presence of water-catalyst mixtures 
(die literature reports botii molecular and macromolecular organic R ’ units [132, 133].) 
The structures of die final materials are tailored using precursors widi many different 
geometries (aryl rigid rod spacers, acrylic flexible spacers). Microporous materials with 
surface areas from 2 0  m2  g" 1 to 1260 m2  g' 1 can be produced, though this depends on the
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nature of the precursor, catalyst or solvent. Interesting materials in the field of 
nanomembranes result from removal of the organic components by calcinations or 
plasma treatment.
To produce hybrid organic-inorganic polymeric networks, many studies report the use of 
polymer based polyfunctional alkoxy silanes [134, 135]. Pioneering work involving the 
co-reaction of metallo-organic precursors with natural polymers such as polysaccharides 
[136], cellulosic materials, or vegetable oil derivatives to produce hybrid materials have 
been reported. Recent studies have involved the grafting of reactive alkoxysilane groups 
[-Si(O R)3] to many types of oligomers and polymers [135]. The properties of the organic 
polymer, the degree of phase dispersion, and the homogeneity at the nm scale control the 
final properties of the hybrids [114]. The nature of the catalyst, the density of the reactive 
Si(OR ) 3 groups, the chemical nature, and the molecular mass of the fimctionalised 
macromers can all affect the resultant hybrids. Highly fimctionalised, state-of-the-art 
polymeric materials can be obtained with interesting thermal, mechanical, optical and 
ionic properties. The polymer science strongly influences the choice of stalling materials.
Transition metal (TM) alkoxides have been chemically modified to overcome the 
problems with the strong reactivity of the M-carbon bond towards hydrolysis. The use of 
an intermediate silica layer is the first and the simplest approach to grafting organics to 
transition metal oxides (TMO). M -O-Si bonds are created from silicon alkoxides or 
organically modified silicon alkoxides reacting with M-OH groups, which are present on 
the surfaces of TM-oxo polymers or colloids in high density; vinyl, epoxy, or methaciyl 
modified silanes can be bound by this process to zirconia or titania. An organic layer is 
formed around the metal-oxo polymer by this organic layer reacting with organic 
monomers [1 1 2 ].
Strong complexing agents, such as p-dilcetonates and acid derivatives, are used for the 
synthesis of organic-inorganic structures containing transition metals where water easily 
cleaves the ionic M-C bonds. The alkoxy groups are removed upon hydrolysis of these 
complexes, yielding metal-oxo polymers; some of the ligands remain bound to the
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metallic centre. Stable sols, colloids, or gels can be obtained due to a proven strong 
decrease in alkoxy reactivity towards hydrolysis; when complexing ligands are not used, 
precipitates are obtained.
In various systems the approach for obtaining hybrid organic-inorganic structures are 
obtained by using template building blocks as starting units; an example is the synthesis 
of well defined silicon oxo-clusters. Hydrosilylation reactions are carried out to complete 
these blocks, producing materials with controlled porosity when tetramethyldisiloxane, 
tetramethylcyclotetrasiloxane, and poly(methylhydrogenosiloxane) are used as reactive 
spacers [137].
Another method, of developing class II ordered hybrid materials with improved physical 
applications is to utilise intermediate disordered isotropic structures, which with further 
processing show anisotropic character. Materials that are outstandingly ordered exist near 
Langmuir-Blodgett films. The self-assembly of molecular units are used to produce 
oriented films. The reaction of trialkoxy (or trichloro) silanes with the surface silanol (Si- 
OH) groups of the activated silica surface is the simplest approach [138], An oriented 
monolayer of aliphatic chains is formed at the oxide surface and, depending on the 
experimental conditions, variable compactions and molecular orientations can be 
achieved. By introducing an allcene, a phenoxy, or sulfone pendant groups and so 
functionalising the R 5 group can result in layers of different structures, and die possibility 
of furdier reactions. The use of carboxy derivatives, such as H 3 C 0 2 C(CH 2 )2 2 SiC l3, and 
multi-step self-assembly processes, allow the limitations in monolayer production to be 
overcome. Anisotropic layers of > 900A  in tiiickness are formed when more tiian 25 
layers are successively deposited on a substrate. Multilayer structures have been 
produced utilising complex organic groups, such as conjugated aromatic units.
The frontier of hybrid materials development includes the incorporation of 
organometallic polymers, such as metallocene derivatives. Materials with reversible 
redox properties have also been reported from die grafting of ferrocene and its derivatives 
on to organic or siloxane frameworks [139]. Ferrocene-PMMA copolymers have recently
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been described as organometallic materials with NLO properties with large % values 
being recorded (x refers to the properties of the ensemble and is related to the refractive 
index of the medium in linear optics) [140]; also reported were molecular assemblies of 
silicon phthaloeyanine derivatives [141], Polymers possessing redox properties are also 
produced from the stacking of elemental planar units with strong electronic interactions 
between the sites being emphasized.
1.16 Applications of Sol-Gels and Sol-Gel Coatings
The sol-gel process provides an alternative route to the production of glasses and 
ceramics with a number of important advantages: ( 1 ) non-metallic, inorganic solids are 
produced and processed at much lower temperatures than used in conventional methods, 
which allows for the incorporation of organic molecules of limited thermal stability than 
would otherwise be possible; (2 ) as the materials are obtained fr om solution, films and 
bulk materials of any shape can easily be produced; the pore-size distribution of porous 
materials can be controlled from the chemical composition of the starting materials and 
the processing conditions.
1.16.1 Optical Materials
The sol gel method provides a route for the production of materials that can be molded 
into any shape which is essentially useful for the production of lenses. However, cracking 
is a major obstacle to the production of optical quality glasses; Told et a l. overcame this 
problem by mixing colloidal silica into a hydrolyzing TEOS solution [142]. Crack fr ee 
optical quality films were also produced by Haruvy and Webber [143] who used reduced 
volumes of reactants and avoided a high degree of cross-linking in the resultant silica 
polymer.
Fibre optics themselves can be produced using sol-gel technology, which avoids the 
melting and inevitable contamination from crucibles as in conventional fibre production. 
This method, however, has little technological or commercial advantage over chemical 
vapour deposition (CVD) methods.
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1.16.2 Sensors
As discussed above, optical fibres have been coated with sol-gel thin films for a variety 
of sensor applications. The potential for sol-gel coated optical fibres as pH sensors has 
been discussed by many groups [24, 25, 26]. Sol-gel materials have shown good potential 
as chemical and biochemical sensors as reviewed by Wolfbeis [23, 144], Work has been 
carried out into the use of coatings in a fibre optic cable in a photochemical reactor by 
Peill et al. [145] who investigated iron(III)-doped Q-sized T i0 2  coatings; this work, 
however, was concerned with improving the reactivity of the photocatalyst and not at the 
detection of gases. Matejec et al. [146] looked at UV-curable silica coatings on optical 
fibres when these were modified with reactive acrylate groups. These coated fibres were 
shown to be sensitive to gaseous S0 2  and C 0 2.
1.16.3 Catalysts
Sol-gel technology provides a route to the production of many catalysts. The addition of 
A l3+ to silica sol-gels was earned out by Sermon et al. [147] to produce materials with 
increased ion exchange capacities towards R li+ and ultimately with the potential to act as 
heterogeneous catalysts. T i0 2 /Si0 2  and T i0 2/Al2 0 3 gels have also been prepared v ia  the 
sol-gel route for use as photocatalysts for the decomposition of salicylic acid and phenol. 
These materials successfully combined the adsoiptive properties of S i0 2 or A12 0 3 and the 
photocatalytic properties o fT i0 2  [148].
1.16.4 Coatings
Sol-gel coatings are principally used for introduction of anti-corrosion and/or anti­
abrasion properties along with increased strength and enhanced adhesion [149, 150]. As 
sol-gel coatings tend to be brittle and difficult to prepare crack-free, relatively high 
temperatures are required for good properties; this led to the development of ORM OSILS 
by Schmidt e t a l. Currently ORM OSILS are used on polycarbonate substrates for anti­
scratch coatings [60, 151]. The sol-gel process has also been used to produce 
antireflective (AR) coatings; Thomas [152] investigated the use of porous silica as an AR 
coating to be applied to a wide variety of optical and nonlinear optical materials.
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Coatings were obtained that required minimal processing, with high laser thresholds, and 
excellent optical performance.
1.16.5 Membranes
Sol-gel technology provides a route to the production of porous films (supported on 
nonporous substrates), which may be used as microfilters, ultrafilters, or membranes. As 
they can be sterilised at higher temperatures, do not shrink or swell on exposure to 
liquids, and have improved abrasion resistance they have advantages over conventional 
organic membranes. Gautier-Limeau et a l. [153] prepared a low temperature fuel cell 
membrane using die sol-gel process to produce an organic-inorganic proton-conducting 
polymer, which showed conductivities up to 1.6 x 10' 2  S cm" 1 at room temperature and 
good thermal stability to 523 IC. Homogeneous and defect free silica based inorganic- 
organic hybrids were prepared by Zhang et al. [154] using a sol-gel route with 
modification of a -A l2 0 3 substrates using TEOS and phenyltrimethoxysilane (PTOMS) as 
precursors.
1.16.6 Electronic material
Anotiier technological arena in which sol-gels have been successfidly used is the 
production of high temperature superconductors, conductive films (based on indium-tin 
oxide), ferroelectric titanates, electrochromic materials (based on tungsten(IV)), and 
photoanodes (based on titanium films). Livage [90] reviewed the conductive properties of 
transition metal containing materials arising from unpaired election ‘hopping5 between 
metal ions of varying valencies in die solid phase. Fukushima [155] first prepared 
ferroelectric films (BaTi03) fr om sol-gels in 1975 followed by die production of lead- 
zirconium titanate (PZT) films [156].
1.16.7 Medical Applications
Sol-gels also have potential for use in a variety of medical applications. Recent studies 
have been carried out on room-temperature syntiiesised silica sol-gels as controlled 
release materials [157 - 163]. Biological materials were added to die sol upon hydrolysis 
of a silica precursor with the molecules being encapsulated in a solid sol-gel material
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after condensation, aging, and drying. It has been postulated that these materials could 
release low molecular weight drugs such as the antibiotic vancomycin [159, 160].
The sol-gel route also provides a means to produce materials that have potential use in 
orthopaedic and dental applications. The need for prosthetic devices to repair, replace, or 
reconstruct bone has increased due to the numbers receiving such devices becoming 
increasingly younger and life expectancy increasing with medical advances [164]. Work 
on materials based on die sol-gel route includes the work by Gomez-Vega et a l  [165] on 
mesoporous silica coatings prepared from organic-inorganic sol-gel systems. The 
prepared films could be applied to different substrates (glass, silicon, and titanium) and 
were shown to induce die formation of ordered hydroxyapatite and collagen structures 
diat contribute to tiiese coatings having distinctive mechanical properties and the capacity 
of adhesion. Eglin et a l  [166, 167] have also carried out studies on die in  v itro  ability of 
silica-based sol-gels to form apatites. They produced poly(epsilon-caprolactone) (PCL)- 
silica materials, which have the potential for use in bone repair, with in  v itro  bioactivity 
being obseived for PCL-silica sol-gel composites with high silica content (30% weight).
1.17 Aims of Project
The work carried out for this thesis had the objective of producing novel sol-gel materials 
to coat optical fibres and act as potential hydrocarbon detectors. These sensors were to be 
designed mainly for use in the oil industry. It was proposed diat diey could be used to 
detect pipeline leaks and so they would be required to work at ambient temperature and 
pressure.
The primary objective of this work was to produce a sol-gel material that would adsorb 
hydrocarbons, in particular metiiane, and to measure die distortion caused by this 
adsorption. This material would in some way interact with an optical fibre to produce a 
new detection system.
To produce a material with the potential to adsorb hydrocarbons a silica based system 
was proposed. Titania was to be incorporated to improve the catalytic potential of the
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system, and to increase the refractive index and organic modifiers were also added to 
increase the hydrophobicity and elasticity of the final coatings.
An understanding of the chemistry and structure of these materials was of importance and 
so a large range of investigative techniques were employed. Along with determining 
hydrocarbon adsorption, the hydrophobicity of the materials was to be investigated due to 
the possibility of their use in humid environments and the possible adsoiption of water 
instead of methane.
Finally, the potential for using the sol-gel materials to coat optical fibres was to be 
investigated. Once coated the potential for the optical fibres use in a hydrocarbon 
detection system was to be determined.
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2. EXPERIMENTAL
2.1 Preparations
Silica-based sol-gels were prepared at ambient temperature and pressure in order to 
produce die required gels and thin films. One set of samples was made solely with silica 
and the organic modifier only; another set also incorporated titania. Owing to die 
previously discussed problems associated with combining a silicon alkoxide widi a 
titanium alkoxide (see chapter 1 section 1.14) die samples were prepared v ia  die pre­
hydrolysis route. This involved pre-hydrolysing die slower reacting hydroxide (Si- 
containing) with subsequent controlled addition of die faster reacting alkoxide (Ti- 
containing). Owing to the moisture sensitivity of the titanium alkoxide and the majority 
of the organic modifiers, die preparations were carried out under an inert nitrogen 
atmosphere.
The method used was based on that carried out by Leadley [1] and the S i: T i ratios used 
in this study were based on this work. The amount of organic modifier (OM) added was 
based on die ratios determined by Badheka [2].
2.1.1 General Method of Preparation
The sample syntiieses were carried out in tiiree stages. In tile f i r s t  sta ge  tetraethoxysilane 
(TEOS, Acros Organics 98%) and the organic modifier were combined under nitrogen 
and stirred for 1 0  minutes to give a homogeneous mixture of the two precursors. 
Absolute etiianol (0.68 X  cm3, Haymann, 99.99%) and distilled water (0.125 Y  cm3) were 
tiien added and the mixture left to stir for a further 20 minutes. Hydrochloric acid (Fisher 
Chemicals, 36%) was then added to the mixture, which was then left to stir for 2 hours. X  
represents the total amount of ethanol and Y  the total amount of water used. (See p54 for 
ratios of all reactants used.)
The s e c o n d  sta ge  involved the dropwise addition of pre-mixed ethanol (0.14 X  cm3) and 
titanium isopropoxide (TiOP, Aldrich 97%) to the above mixture. The mixture was left to
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stir overnight (approximately 15 hours) to ensure that the reaction had gone to 
completion. When TiOP was not added to the sample, ethanol only was added to the 
mixture from the first stage.
In the f in a l  sta g e  the remaining mixture of ethanol (0.18 X  cm3) and water (0.875 Y  cm3) 
was added drop wise and the samples left stirring for 24 hours. The sol was then either 
left to gel or coated on to a substrate for analysis.
In order to introduce hydrophobicity into the sol-gels, die organic modifiers below were 
incorporated. Blank samples of S i0 2  and Si0 2 -T i0 2  were prepared alongside organically 
modified analogues containing phenyltrimethoxysilane (Lancaster), benzyltriethoxysilane 
(Lancaster), tt-octadecyltriethoxysilane (Lancaster), l, 6 -Z>/s(trimetiioxysilyl)hexane 
(Fluorochem Ltd.) 6 /s(triethoxysilyl)methane, (ABCR), (3,3,3-trifluoropropyl) 
trimethoxysilane (ABCR) and />is(triethoxysilyl)etiiane (ABCR). The quantity of organic 
modifier added to the sample was equivalent to 5 mol % of the total silica in the sample
[2], A ll organic modifiers were used as received with purities greater than 95%.
Table 2.1: Organic Modifiers Used.
Derivation Name of Organic Modifier Molecular Formula of Organic 
Modifier
OM1 Phenyltrimethoxysilane C 6H5 Si(OCH3)3
OM2 Benzytriedioxysilane C6 H5 CH 2 Si(OC2H5 ) 3
OM3 rc-Octadecyltrietiioxysilane C 18H3 7 Si(OCH 2 CH 3 ) 3
OM4 1 ,6-5A(trimethoxysilyl)hexane (CH 3 0 )3 Si(CH 2 )6 Si(0CH 3 ) 3
OM5 £/s(triethoxysilyl)metiiane (CH 3 CH 2 0 )3 SiCH 2 Si(0CH 2 CH 3 ) 3
OM6 (3,3,3 -trifhioropropyl)trimetiioxysilane CF3 C 2H4 Si(OCH 3 ) 3
OM7 5/s(triethoxysilyl)ethane (CH 3 CH 2 0 )3 SiC 2H4 Si(0CH 2 CH3 ) 3
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TEOS : ethanol: water : acid : OM 1 : 4 : 2 : 0.05 : 0.05
and for the S i0 2-T i0 2  samples:
TEOS : TiOP : ethanol: water : acid : OM 1 : 0.25 : 4 : 2 : 0.05 : 0.05
Samples containing silica were given a prefix of S and those with silica and titania were 
given the prefix ST so, for example, die sample containing silica, titania and OM1 would 
be called STOM1. SG L was used for die sample containing silica widi no organic 
modifier and STG L for die sample containing silica and titania but with no organic 
modifier.
2.1.2 Preparation of Gels
After die final mix of water / ethanol was added, die samples were left stirring for 24 
hours. Once this final Stirling had been completed, the sols were left to gel at ambient 
temperature (298 IC) in air with the containers covered witii parafilm with 20 small holes 
in order to allow solvent evaporation.
2.1.3 Preparation of Film s
The prepared samples were left stilling for 24 hours after the final water / ethanol mix 
was added. The samples were tiien diluted down witii 25:75 v/v sol-gel: absolute ethanol 
(Haymann, 99,99%) in order to reduce the viscosity and increase the wettability of the 
sol. This was done in order to prevent die coating cracking from drying and to ensure a 
good coverage on the substrate [1 ],
Thin coatings were prepared on polished UV-Vis fused-silica (240 - 280 run) windows 
(25.4 mm diameter x 2.0 mm thick, H.V. Skan Ltd. U K), on microscope slides (used in 
order to reduce die cost of the silica substrates) and on optical fibres. Cleaning of the 
substrates was carried out by washing them with Teepol detergent and rinsing with
The mol ratio in each of the Si02 samples was:
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distilled water followed by a further soak in a 10% v/v solution of Decon-90 for 1 hour 
and another rinse with distilled water. They were then soaked in a bath of dilute aqueous 
nitric acid ( 1 - 3  mol dm'3) for 4 - 5 horns and again rinsed with distilled water. They 
were finally rinsed in ethanol and left in air to dry [2 ].
In order to coat the optical fibres it was necessary to remove die original polymer coating 
and this was done by soaking the ends of the optical fibre in acetone. At this point die 
coating could be seen to be separating from die optical core. The fibre was then rinsed in 
ethanol prior to being coated again.
The samples were dip coated using a Nima system, wherein the substrate being coated 
was lowered into the sol, avoiding the part that was held by the dipping mechanism. The 
rate at which die substrate was withdrawn from the sol was 17.7 cm min' 1 and die 
substrates were left to dry for 5 - 1 0  minutes. The rate chosen along with the dilution 
factor were designed to ensure the coating was no more than 1 0 0  mn tiiick.
2.2 Characterisation Techniques
2.2.1 Nuclear Magnetic Resonance (NMR1 Spectroscopy
Nuclear magnetic resonance (NMR) [3-5] is a spectroscopic technique used to obtain 
physical, chemical and electronic information about molecules. It involves the application 
of an applied electromagnetic field oscillating at a particular frequency which interacts 
with atomic nuclei placed in a strong external magnetic field.
Atoms that contain nuclei with an odd number of protons, neutrons, or both, have a 
magnetic moment, p, and may behave in simple terms like tiny bar magnets. JH, 1 3C, 19F 
and 31P can be probed easily using standard NMR techniques. In die presence of an 
externally applied magnetic field the magnetic moment interacts with the external 
magnetic field where the moment can be aligned to or opposed to the magnetic field for I  
— % nuclei.
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The overall spin, /, of the nucleus is important (nuclear spins are labelled I  for 
“abundant” spins such as the proton and 51 for “rare” spins such as 13C or 15N). For 
example, a nucleus with spin Vi has two possible orientations and the latter are degenerate 
when there is no external magnetic field, but split when a magnetic field is applied. The 
nucleus is more likely to populate the lower energy state with the respective populations 
of each state dependent on the magnitude of the external magnetic field. It spins on its 
axis and when a magnetic field is present the axis of rotation precesses around the 
magnetic field (Figure 2.1) with the Larmor frequency v0 = ( -y )/ (2 n )B 0)  where y is the 
nucleus-specific magnetogyric ratio and B Q is the external field or the magnetic flux 
density of the applied field.
Applied magnetic field
Figure 2.1: The precession of the axis of rotation in a magnetic field [5].
A  strong RF (radio frequency, Vrf) field is applied to excite the nuclear spins occupying 
the lower energy state into the higher energy state i.e. the magnetic moments of the 
nucleus is “flipped” so that the magnetic moment opposes the applied field (Figure 2.2).
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Applied magnetic field Applied magnetic field
Figure 2.2: The magnetic moment is “flipped” on adsorption of radiation [5]. 
When the RF signal is turned off, die “flipped” spins return to the previous lower energy 
state and a small amount of radiation of the Larmor frequency. When the nuclei return 
from dieir excited state they undergo “spin-relaxation” and emit radiation which is 
detected as a radio frequency signal and amplified to display die NMR signal.
A ll nuclei do not possess identical resonance frequencies and the position of the nucleus 
in a molecule, or more precisely die local electron distribution, effects v. This effect is 
known as the chemical shift which comes about as a result of die field, B ,  that is 
experienced by a nucleus in an atom or molecule is slightly different from die external 
field, B a.
2.2.1.1 Solid State NMR
NMR can be carried out on solid powders as well as liquids, diough without modification 
the traditional NMR method produces broad peaks instead of the sharp peaks produced 
by solution state NMR.
When the nuclear magnetic moments of two different spins interact, heteronuclear dipolar 
coupling occurs. Both the S  spin and die I  spin represent a nuclear magnetic moment 
producing a small magnetic field, and so the S  spin “feels” die magnetic field produced 
by die I  spin and v ice  v e rs a  when the two are in reasonable proximity of each odier. The
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external field felt by the S  spin is therefore added to or subtracted from by the magnetic 
field produced by the I  spin depending on its orientation, and so the effective local 
magnetic field at the site of the S  spin is increased or decreased and so changing its 
resonance frequency. The dipolar coupling is a through-space interaction as die 
magnitude of the coupling between two nuclear spins depends on die internuclear 
distance. This through- space dipolar coupling occurs between nuclei in different 
molecules as well as within a molecule.
In order to reduce the broad peaks resulting from diis dipolar coupling two approaches 
are implemented. Firstly, the technique of magic angle spinning is carried out as 
described below. Secondly, the solid state dipolar version of spin decoupling (used in 
solution NMR) is earned out. This involves RF pulses constantly being applied that rotate 
die proton nuclear spins between tiieir “spin-up” and “spin-down” states, the average 
orientation of die magnetic moments tends to zero, and so essentially the dipolar 
coupling is averaged away [6 ].
It is not only die nucleus of an atom diat is perturbed when an external magnetic field is 
applied; die surrounding elections are also affected as they too have magnetic moments. 
Small magnetic fields of electrons circulating in currents around die nucleus either add to 
or subtract from the effect of die external field on the nucleus. Atoms in molecules rarely 
possess spherically symmetric electron distributions, die election density is usually 
tiiouglit of as an ellipsoid, and diis leads to die chemical shift anisotropy (CSA or 
orientation dependence). The degree to which the resonance frequency is affected by the 
electron density depends on the election clouds orientation witii respect to die external 
magnetic field. In powder samples tiiere are randomly orientated crystallites leading to all 
of die possible molecule orientations being sampled and so a broad peak results [6 ],
In order to eliminate this broad peak resulting from CSA  the sample is spun at an axis of 
54.74° widi respect to die static magnetic field. This angle is called die magic angle and 
die technique is called magic angle spinning (MAS). When die sample is spun at die
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magic angle the anisotropic interactions are averaged to zero and so narrowed lines are 
observed.
Cross polarisation (CP) is carried out in many solid-state NMR experiments in order to 
enhance the signals from molecules with rare nuclei such as 13C and t5N and involved the 
transfer of polarisation from abundant nuclei (usually 1H). CP occurs when two nuclei are 
brought together, one of which is highly polarised and one with lower polarisation, with 
magnetisation flowing from the highly polarised nucleus to the lower polarised nucleus. 
The “spin flips” in heteronuclear pairs such as ]H and 13C at high magnetic fields are not 
energy conserving and so the Haitmann-Hahn method is applied [7, 8 ]. Two continuous 
RF fields are applied, one at the fr equency of the spin of the abundant !H nucleus and the 
other at the spin of the rare 13C nucleus, This leads to both the !H and the 13C 
magnetisations having the same time dependence resulting in mutual “spin-flips” and 
energy being transferred from the proton to the carbon.
The samples were analysed by MAS-NMR at tire EPSRC solid-state NMR service at the 
University of Durham. The instrument used was a Varian Unity Inova spectrometer with 
a 7.5 mm (rod o.d.) MAS probe. 29Si NMR spectra were recorded at 59.58 MHz and 13C 
NMR were recorded at 75.43 MHz. Cross-polarisation was carried out for the carbon 
spectra with a contact time of 1 ms, a flip-back pulse after acquisition and a relaxation 
time of 1 s. Both cross-polarisation and direct polarisation were carried out for the silicon 
spectra. The cross-polarisation experiments used a contact time of 10 ms with flip-back 
and a relaxation delay of 1 s. The direct polarisation experiments were carried out to 
compare with the cross-polarisation experiments and for more quantitative results.
2.2.2 X-rav diffraction (XRD1
XRD  is a structural characterisation technique. X-rays are electromagnetic radiation with 
wavelengths ranging from 0.001 to 30 nm and typical photon energies in die range of 100 
eV to 100 keV. As X-rays have a wavelength that relates to the size of atoms and they ar e
59
energetic enough to penetrate deep into the material, they can be used to obtain 
information about the structural arrangement of atoms and molecules in the material.
X-rays are generated when a metal such as copper is bombarded by a focused electron 
beam, which is accelerated across a high voltage field. This is carried out in a sealed tube 
under high vacuum so that a continuous spectrum of X-rays is emitted as the electrons 
collide with die metal and decelerate. This is called Bremsstrahhmg radiation and die 
collision of high energy electrons leads to die ejection of inner shell elections from die 
atom. An electron of higher energy fills the shell and an X-ray photon is emitted with 
characteristic energy of the target material.
X-rays were discovered by Wilhelm Rontgen in 1895. In 1913 Max von Laue realised 
that as the wavelengdis of X-rays were comparable to the separation of lattice planes and 
that X-rays might be diffracted when passed through a crystal [9]. This was taken further 
by W H Bragg and W L  Bragg [10]. An incident beam of X-rays (witii angle 0) is focused 
on a sample and interacts witii atoms arranged in a periodic maimer. The X-rays hitting 
the material are eitiier reflected by the upper layer of atoms or are transmitted through the 
sample until they are reflected by successive layers (see Figure 2.3). The diffraction 
pattern produced allows for the deduction of the distribution of atoms in the material. 
This may be described using Bragg’s Law (Equation 2.1).
nX = 2dsin0 Equation 2.1
where n is an integer, X  die wavelengtii, d die interplanar distance and 0 is die angle of 
diffraction. The diffr actometer measures an angle that is twice die angle of diffraction 
and so the measured angle is called ‘2 0 ’.
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Figure 2.3: X-ray’s interacting with crystal lattice [11].
The instrument used was a Seifert 3003TT X-ray diffractometer. The instrument 
comprised of an X-ray source (in this case a copper target operated at 40 lcV and 30 mA), 
a means of focusing the rays on to the sample (a nickel filter is used providing a Cu K a 
radiation with X — 0.154178 nm), a counter / detector and a recording device. The sample 
was held horizontal with the detector and X-ray source each moving by 0. A  computer 
recorded die results at a constant speed with die ordinate axis reading the distance 
proportional to the diffractometer angle 20. The inordinate axis represents the counts per 
second proportional to die intensity of die diffr acted X-rays. Powder samples were placed 
on holders and analysed in die region of 5° < 20 < 90° witii a 0.02° step eveiy 12 s. The 
instrument had previously been calibrated witii a silicon standard.
2.2.3 X-rav Photoelectron Spectroscopy (XPS)
XPS is also known as electron spectroscopy for chemical analysis (ESCA) [12,13]. It is a 
technique that provides information about the chemical composition of a material surface 
and die chemical environment of an element can be detected. A  sample is subjected to 
bombardment by a monochromatic source of X-rays leading to the ejection of electrons 
from die inner cores (see Figure 2.4). The kinetic energy possessed by the. ejected 
electrons depends on the orbital from which they originated and the difference between
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this and the photon energy of the X-ray is die binding energy of this orbital. The binding 
can be determined using Equation 2.2.
where BE is the binding energy of the orbital (eV), ho is the X-ray photon energy (eV), 
K E  is die kinetic energy of the ejected photoelectron (eV) and <D is die spectrometer work 
function which depends on the machine used. The energy of the ejected election is 
characteristic of the element from which the electrons are ejected and a spectrum is 
obtained that is representative of the surface composition by counting the number of 
electrons as a function of energy. The peaks in the spectrum provide information about 
the relative amounts of each element present (the area under the peaks) and die chemical 
environment (the shape and position of die peaks).
Figure 2.4: The emission of a photoelectron on application of X-rays during XPS [14].
The instrument is made up of an X-ray source (A l Ka), an analysis chamber containing 
the sample, an energy analyser for the photoelectrons, an electron detector and a 
recording device. The analysis is carried out under a high vacuum to allow for the 
analysis and detection of photoelectrons. XPS is a surface sensitive technique, as 
although the photons can penetrate a solid sample deeply, only ejected photoelectrons 
generated near the surface can escape in order to be detected. This is up to a depth of 
about 3nm.
BE = hi) -  K E  -  ®  Equation 2.2
°  Photo electron
Binding energy (BE)
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The samples were rim on a VG Sigmaprobe. They were mounted on to a stainless steel 
holder. Once sealed in die main analysis chamber with a pressure of < 1.3 x 10‘7  Pa 
being achieved, A l Ka X-rays (ho = 1486.6 eV) irradiated the samples. An accelerating 
voltage of 15 kV and a current of 20 mA were used to generate the monochromatic 
excitation source. An electrostatic analyser was used to analyse die energy of the emitted 
photoelectrons and an electron multiplier tube was used to analyse the number of these 
photoelectrons.
2.2.4 Nitrogen Adsorption and B ET Analysis
According to die Oxford Dictionary of Chemistry, adsorption is:
‘The formation of a layer of gas, liquid, or solid on the surface of a solid 
or, less frequently, of a liquid’ [15]
It occurs whenever a gas or liquid comes into contact with a solid surface; desorption 
refers to the removal of die adsorbed matter from die surface.
Adsorption is classified as either physisorption, which involves physical interaction such 
as van der Waals forces or hydrogen bonding, or chemisorption, which involves the 
formation of a chemical bond. Chemisorption is usually restricted to a monolayer and 
only occurs in certain systems, whilst physisorption is not specific and may occur as a 
multilayer.
A  certain amount of gas may be adsorbed by any solid, die extent of this adsorption at 
equilibrium being dependent on temperature, the pressure of the gas and the solid’s 
effective surface area. The adsorption isotiienn shows die relationship between die 
pressure or relative pressure (P/P°) and die solid’s effective surface area at a given 
temperature [16]. (P° is die saturation vapour pressure of die adsorbate at the 
experimental temperature.) This is laid out in Equation 2.4.
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U f  (p )t, gas, solid Equation 2.4
where n refers to the amount of gas adsorbed (moNg) and p is tlie adsorptive equilibrium 
pressure.
Brimauer, Deming, Deming and Teller classified five adsorption isotherms [17] which 
are sometimes refered to as the Brunauer, Emmet and Teller classification [18]. A sixth, 
very rare, stepped isotherm was added recently by IUPAC. These isotherms can be seen 
in Figure 2.5.
Figure 2.5: The five BDDT isotherm types (I - V) along with the rare, stepped isotherm
(Type VI)[19].
Type I isotherms are referred to as Langmuir-type isotherms and are characteristic of 
monolayer adsoiption in microporous solids (pore diameters of < 2 nm). Type II 
isotherms are due to multilayer physical adsoiption on non-porous or macroporous solids 
(> 20 nm). Both type III and V isotherms are rare and relate to weak adsorbent-adsorbate 
interactions. Type IV  isotherms are associated with capillary condensation in porous 
solids characteristic in solids with pore diameters between 2  and 2 0  nm (i.e . mesopores). 
Stepwise multilayer adsorption on a uniform, non-porous surface is represented by die 
very rare type V I isotherm.
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The specific surface area of a solid may be calculated using Equation 2.5.
Ssp = nm.L.am Equation 2.5
where nm is the capacity of the monolayer, L  is Avogadro’s number and am is tlie area 
occupied by the gas adsorbate.
The monolayer capacity (nm), which is defined as the amount of gas possibly 
accommodated by a single monolayer on the surface of lg  of solid, needs to be measured 
in order to determine die specific surface area. The BET theory is widely used to 
calculate the specific surface area and is an expression of die Langmuir equation [20] 
(Equation 2.6).
n = Bp Equation 2.6
nra 1+ Bp
where B is the adsorption coefficient represented by Equation 2.7.
B = ajki . e*1/ 117 Equation 2.7
ZmVl
ai is the condensation coefficient, Zm is the number of molecules adsorbed per in2  in a 
completed monolayer, vi is the adsorbed molecules’ oscillation frequency, qj is die 
isosteric heat of adsorption and ki is a constant given by die kinetic dieoiy of gases ( k = 
(0.5L)/ (M RT1/2)). However B is a constant that cannot be resolved experimentally using 
Equation 2.7. Relative pressure p/p° is substituted for pressure p in Equation 2.6 to 
become:
a = c fp/p°) Equation 2.8
nm 1 + c (p/p°)
where c is the BET constant.
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The monolayer capacity can be calculated from a type I isotherm from a plot of (p/p°)/n 
v e rsu s  p/p° as it yields a straight with slope l/nm (as seen in Equation 2.9 which is the 
lineai' form of Equation 2.8).
p/pQ = J _  + p/p° Equation 2.9
n cnm nm
The specific surface area for a sohd with a type I isotherm can therefore be calculated.
The Langmuir model was extended by Brunauer, Emmet and Teller [18] in order to 
describe multilayer physical adsorption. The most convenient form of the BET equation 
for experimental data is shown in Equation 2.10.
p/p q = I  + c-L p_ Equation 2.10
n(l-p/p°) nmc nmc p°
where n is the amount adsorbed at equilibrium pressure.
c=e(qiV OT Equation 2.11
where qi is the heat of adsorption in die first layer and qL is die heat of adsorption in 
subsequent layers.
When ((p/p°)/n(l-p/p0)) is plotted against p/p° a straight line results witii slope (c-l)/nmc 
and intercept l/nmc. From this the monolayer capacity can be calculated (nm = l/(slope + 
intercept)) and from this the specific surface area.
Both the Langmuir and BET models make assumptions. In the Langmuir model these ar e:
1) in the bulk gaseous phase die adsorbate behaves as an ideal gas. This is only true
for some inert gases;
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2) adsorption is limited to a single molecular layer (die monolayer). This is true only 
for certain cases of chemisorption where an initial monolayer is formed followed 
by multilayer formation;
3) for all surface sites the heat of adsoiption is constant and there are no lateral 
adsorbate-adsorbate interactions (these two assumptions are never tine as no solid 
surface through its entirety is ideal and the assumption that there are no adsorbate- 
adsorbate interactions is not hue);
4) finally, it is assumed that there is localisation of adsorbed molecules with definite 
points of surface attachment.
The BET model makes the same assumptions as the Langmuir model along with:
1 ) in all layers above the first the heat of adsoiption and the molar heat of 
condensation are equal;
2 ) in the second and higher layers the evaporation-condensation properties of 
molecules are die same as in the bulk liquid;
3) at die saturation pressure of the adsorbate die number of layers becomes infinite 
as die vapour condenses;
4) finally, it is assiuned tiiat die process can repeat itself as die adsorbed molecules 
can act as a new surface for adsorption.
Nitrogen adsorption measurements were made using a Coulter SA3100. Samples were 
outgassed at 303 K  and 423 IC for 48 horns prior to being placed on the instrument (to 
remove any excess solvents). The 303 IC samples were outgassed in a vacuum oven at 
303 K  and die 423 IC samples were outgassed in an oven at 393 IC. Samples (0.2 -  0.3 g) 
were placed in a quartz burette, and once on die instrument, were outgassed at either 303 
K  or 423 K . The burettes were tiien cooled and immersed in a liquid nitrogen batii (77 IC) 
and allowed to equilibrate. Nitrogen was admitted into die burette v ia  a dosing chamber 
and the pressure was recorded once equilibrium had been reached. This adsoiption cycle 
was repeated until a relative pressure of 0.99 was reached. The desorption cycle was then 
carried out.
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2.2.5 Scanning Electron Microscopy (SEM I
Scanning electron microscopes work like optical microscopes except that a focused beam 
of electrons is used instead of light to view the samples [2 1 ].
A stream of electrons is formed from an electron gun with the Tungsten hairpin gun 
being the most common. A loop of tungsten, that is heated when a voltage is applied, 
functions as a cathode and the electrons are accelerated towards the anode. This stream of 
electrons is focused into a monochromatic beam using electromagnetic condenser lenses. 
The beam is focused on to the sample using an objective lens and scanned across the 
surface of the sample by electromagnetic deflection coils.
Yirtuol Source
Figure 2.6: A schematic of the SEM system [22],
Photon and electron signals are emitted when the electron beam strikes the sample. The 
electrons are either scattered by the surface (backscattered electrons) or absorbed. The 
sample may emit low energy secondary electrons and these, along with the backscattered 
electrons, may be detected and amplified to produce the sample’s image.
The SEM column is always maintained under vacuum when in use. This is in order to 
generate and maintain the electron beam and prevent it from being scattered by gaseous 
molecules that would otherwise be present.
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The sample’s surface must be conductive and so non-conductive surfaces are coated with 
gold. In order to coat non-conducting samples with gold, they are placed in a splutter 
coater and a thin layer of gold is applied under vacuum. The vacuum is necessary to 
prevent other molecules getting in the path of the gold leading to uneven or no coating 
[23],
A ll samples in this study were stuck on Al stubs with sticky back carbon and gold 
sputtered under vacuum. The instrument used was a Hitachi S3299N.
2.2.6 Ultra-violet / Visible Spectroscopy
Ultra-violet / visible (U V-Vis) spectroscopy measures the attenuation of a beam of light 
once it has passed through a sample or been reflected from the surface of the sample [24]. 
The adsorption of light by a molecule in the sample causes an electron to be promoted 
from a ground electronic state to an excited electronic state. The transitions requiring the 
least amount of energy, and therefore usually being the most important, are those from 
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO). Only the two lowest energy transitions (as seen in Figure 2.7 as the blue 
arrows) are achieved by energies available in the 2 0 0  -  800 nm spectrum.
a* (anti bonding)
Ti* (anti bonding)
n (non bonding) 
n (bonding)
a (bonding)
Energy
Figure 2.7: Electronic excitation [25],
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Along with a change in electronic energy, a change in vibrational and rotational energy 
levels occurs. This leads to very broad smooth bands instead of sharp peaks. As a result 
the wavelength of maximum absorption (ftnax) is usually reported.
The working range of typical commercial UV-Vis spectrometers is approximately 190 -
900 nm. A deuterium discharge lamp is the light source usually used for UV
measurements with a tungsten-halogen lamp used for die visible range. When scanning 
between die UV and visible regions die instrument swaps lamps automatically. A 
monochromator is used as a means of selecting the wavelengdis required. A photodiode, 
phototube or photomultiplier tube (PMT) acts as the detector in single detector 
instruments [26].
By passing a monochromatic light through a dilute solution of die sample in a non- 
absorbing solvent, the sample’s ultraviolet spectrum may be obtained.
The percentage of the incident light passing through the sample measures die intensity of 
die absorption band:
% Transmittance = (I/I0) * 100 Equation 2.12
where I is die intensity of transmitted light and Io is the intensity of incident light.
The Beer-Lambert law provides a more accurate way of reporting intensity of absoiption 
due to light absoiption being a function of die concentration of the absorbing molecules:
Absorbance = -log (I/To) -  sci Equation 2.13
where £ is die molar absorptivity, c the solute molar concentration and 1 the sample cell’s 
lengdi (cm) [9].
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Diffuse reflectance spectroscopy was earned out to show the presence of Si-O-Ti 
linkages present in die samples. Powdered samples were rim on a Perkin Elmer Lamda 9 
UV/Vis/NIR spectrophotometer in reflectance mode. The reflectance spectra were 
recorded between 200 -  2000 nm and were scanned at a rate of 50 mn min'1.
UV-Vis transmission spectroscopy was carried out to determine their transparency. 
Samples coated on Si wafers were nm on a Perkin Elmer Lamda 9 UV/Vis/NIR 
spectrophotometer in transmission mode. The transmission spectra were recorded 
between 200 -  2500 nm and were scanned at a rate of 50 nm min"1.
2.2.7 Infrared Spectroscopy
Infrared (IR) radiation does not have enough energy to induce electronic transitions but 
adsorption of radiation in this region results in the excitation of vibrational, rotational and 
bending modes. The IR region lies between 12800 -  10 cm' 1 with die most useful region 
lying between 4000 -  670 cm'1. In order for a molecule to adsorb IR, a net change in die 
dipole moment must occur as a result of the vibrations or rotations of the molecule [27, 
28].
A typical IR spectrometer consists of a heated filament emitting radiation as a continuous 
range of frequencies in the IR region which tiien passes through a cell containing the 
sample. The resulting radiation emerges as a collimated beam having passed through a 
system of slits and mirrors. The beam is dispersed into components at different 
wavelengdis by a prism or grating, and radiation of separate wavelengths reaches die 
detector tiiermocouple. The radiation which transmitted at different wavelengdis is 
monitored by the detector and converted into an electrical signal and a scan of frequency 
or wavenumber against energy adsorbed or transmitted is achieved. The sample holders 
and prism need to be transparent to IR radiation and so prepared from suitable inorganic 
salts such as NaCl or KBR [29].
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Powdered samples were analysed using a Perkin Elmer System 2000 FT-IR. The 
powdered samples were mixed with nujol and placed between spectroscopic grade 
polished NaCl plates (Aldrich). The samples were scanned between 400 and 3500 cm-1 
at ambient temperature, (frequency resonance 4 cm'1, 16 scans).
2.3 Adsorption Experiments
2.3.1 Residual gas analysis
A residual gas analyser (RGA) is a mass spectrometer used to determine gases present in 
a vacuum system. The operating principle of die RGA is tiiat a small amount of die gas 
molecules are ionised and tiien according to their mass charge ratio (m/z) are separated, 
detected and measured. This analysis can be qualitative or quantitative.
The gas sample is ionised by electrons tiiat are emitted from a hot filament. Electrons 
from the source cause electrons from die gaseous atoms or molecules to be ejected and so 
creating ions.
The ions are then accelerated by a set of electrostatic “lenses” to form an approximately 
20 eV energy beam, which passes into the quadrupole mass analyser region tiiat acts as a 
filter. The quadrupole is made up of four metal poles which are aligned around the ion 
stream in a parallel diamond structure. By alternating the electric fields across the four 
poles, die ions can be separated according to tiieir respective m/z ratios. All otiier ions are 
neutralised on hitting the poles or walls and become undetectable.
The ions are detected by either by a Faraday cup analyser or an election multiplier 
detector. The Faraday cup measures the ions directly and is not as sensitive as the 
electron multiplier which multiplies the current; when the biased dynodes are hit by an 
ion, secondary ions are ejected [30].
72
Analysis Experiment
Gas Sample &
Cylinder Instrument
high Exhaust
Stream
medium flow rate
Residual Gas 
Analyser
Rotary Pump
Metering Valve
low ____
Shut off Valve
Quadrupole M ass 
Spectrometer
Ioniser
RF
Quadrupole
Analyser
H
Faraday
Detector
Multiplier
Detector
Turbomole cular \ Rotary
Pump —7 Backing Pump
Figure 2.8: The RGA system [31].
The instrument used was a VG Quadrupoles Sensorlab. Samples were placed in a reactor 
cell which had gas inlet and outlet streams. An injection port was set up on the gas inlet 
side of the reactor cell in order to inject known volumes of gases. The outlet stream led to 
an exhaust system and a port with the RGA attached to it. The reactor cell was placed in a 
thermostatically controlled water bath in order to maintain the temperature at 298 K. 
Argon flowed through the system at a rate of 40 cnrmin'1. 100 pl pulses of methane (6% 
in argon) were injected using a SGE gas-tight syringe and the amount not taken up by the 
sample was measured by the RGA. This was compared against data from the system 
when no sample was present (blank runs) in order to determine the amount of methane 
adsorbed. An m/z ratio of 15 was used for methane detection as this is the largest peak 
produced for methane due to an H+ being knocked off when it is ionised. By comparison 
the m/z ratio of 16 demonstrated a noisy baseline and so calculating the area under the 
peak, and therefore the amount of methane adsorbed, was difficult.
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2.3.2 Water Sorption
Water present in the atmosphere will be adsorbed to a certain extent by most materials. 
The extent to which water is adsorbed depends on temperature, water vapour 
concentration (relative humidity is used), the amount of the materials surface area 
exposed to moisture and the attraction between the smface and water molecules. Water 
molecules may also condense inside the pores of the material depending on the pore size.
As a result of water sorption the mass of the material will change. If the sample is given 
time, under certain circumstances, it will equilibrate with no further change in mass (the 
rates of adsoiption and desorption become equal). A water soiption isotherm can be 
measured by changing the relative humidity (RH) at a constant temperature and allowing 
the sample to reach equilibrium. Not all samples produce an isotherm with the adsorption 
and desorption isotherms overlapping. Samples may undergo processes such as capillary 
condensation, hydration reactions or phase changes which may cause a hysteresis to 
occur [32].
2.3.2.1 Prelim inary Data
In order to reduce the number of samples to be analysed, all the samples were placed in a 
series of desiccators that were at known values of % RH. The 0 % desiccator contained 
anhydrous CaCR to remove moisture. Four other desiccators were set up containing 
MgCl2 (32.78 %), IC2CO3 (43.20 %), NaCl (75.29 %) and ICC1 (84.34 %). The samples 
were weighed before being placed in the desiccators and then weighed at regular intervals 
to determine increase in mass due to water uptake. The samples were weighed imtil they 
reached equilibrium (constant mass).
The average values for increase in mass due to water uptake was plotted against the m/z - 
intensity data obtained from the RGA in order to determine the most appropriate samples 
(see Figure 4.8 in Chapter 4).
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2.3.2.2 Gravimetric Analysis of Water Sorption
The water sorption isotherms for sol-gel samples selected as described above were 
determined using a gravimetric technique on a Hiden IGAsorp (Hiden Analytical Ltd.).
The instrument incorporates a microbalance which is sensitive to mass changes of < 0.2 
pg. The sample’s weight change is measured at constant temperature with respect to 
changing humidity. The sample is contained in a chamber with the temperature being 
controlled by water from an external bath circulating through internal channels in the 
water block. Sensors placed in the sample chamber measure the temperature and 
humidity. By relative mixing of wet and dry streams, the RH can be changed and 
controlled to the desired value.
The mass of the sample is constantly analysed to determine the point of equilibrium. 
Once equilibrium has been achieved, the instrument moves on to the next humidity level. 
This is automatically carried out for the entire isotherm with both adsoiption and 
desorption measurements being acquired. The entire measurement and data acquisition is 
controlled by a computer [33].
The sol-gel samples were pre-dried in a vacuum oven at 303 IC for 48 hours prior to being 
analysed on the IGAsorp. This was carried out in order to remove any volatile solvents 
present in the samples and to reduce drying time on the instrument. A sample of known 
mass was then dried on the instrument in air at zero humidity for 12 horns at 303 K. Once 
the sample had reached a dry reference state, die RH was increased in steps of 10% with 
die sample reaching equilibrium and die sample mass being recorded before moving onto 
the next RH. Both adsoiption and desorption isotherms were recorded.
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In order to obtain more accurate data on the adsorption of methane on to selected sol-gel 
samples a quartz spring balance, based on that designed by McBain and Bakr [34] was 
used. The diagrammatic design of the quartz balance used (built by Jeff Bridges from 
Brunei University) is shown in Figure 2.10.
2.3.3 McBain Bakr balance
? ? ? ?
Gas re sevoir 
bottles
Inlet
Exhaust ' Manometer
V /
Diffusion pump
Valves
Rotary pump
13-
Water jacket 
- Quartz spring
- Water jacket 
Sample bucket
Figure 2.10: Schematic of quartz spring balance
The spring balance is comprised of a silica bucket (of known weight) that is suspended 
from a silica rod from a fused quartz spring. The spring is suspended inside a water jacket 
with the rod and bucket enclosed in a separate jacket. The two jackets were clamped 
together. A thermostatically controlled water bath maintained the temperature of the 
system at 298 K by circulating water through both jackets.
Spring extension was measured using a cathetometer (± 0.001 cm) which referred to a 
fixed point on the silica rod. The spring was calibrated by suspending the silica bucket 
containing calibration weights (a constant weight of 200 mg was used as an 
approximation to the sample weight) and measuring the extension of the spring against 
weight under vacuum. The calibration curve was shown to be linear and reversible (see 
Figure 2.11).
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Figure 2.11: Calibration of the quartz Spring (increasing weight is represented by closed 
triangles and decreasing weight is represented by open triangles).
In order to achieve a vacuum on the system, the balance was comiected to an Edwards oil 
rotary pump and to an Edwards oil diffusion pump. The pressure was measured using 
pressure gauges (Edwards PR10-C) and a penning transducer (Edwards CP25-S). The 
transducer was calibrated against a mercury manometer (also connected to the system). 
The calibration curve produced showed a linear relationship between the two (see Figure 
2 .12).
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Figure 2.12: Calibration of the Transducer using a mercury manometer.
The sample was outgassed in a vacuum oven at 303 IC for 48 hours prior to being 
analysed on die McBain system. This was carried out in order to remove any volatile 
solvents and water present from the preparation of the sample or water adsorbed from the 
atmosphere. The sample was then outgassed on the McBain system by evacuating the 
system using the two pumps. This evacuation was carried out slowly in order to avoid 
breaking the spring and losing the sample. The sample was ready for the addition of 
methane once the spring and transducer had reached equilibrium.
The methane had previously been introduced to die system having shut off the valves to 
the spring balance chamber. A glass reservoir attached to the system was filled with the 
methane where it was stored. Once filled, the reservoir valve was shut and any excess 
metiiane in die system was evacuated out using the pumps prior to the valves to die 
balance being reopened.
Small doses of metiiane were introduced into die system and the uptake by the sample 
was followed by measuring the extension of the spring and the increase in pressure in the
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system. The pressure and spring extension readings were noted at intervals until die 
system reached equilibrium and the time taken to reach equilibrium varied as die pressure 
(p) increased. Desorption points were taken by removing the adsorbed methane step wise 
and this was carried out by opening up the valve to the pumps and gradually decreasing 
die pressure.
2.4 Ultra-Violet Sensor Experiments
2.4.1 Ultra-Violet (UV) Fluorescence Spectroscopy
Fluorescence occurs when a molecule absorbs a high energy photon, re-emitting it as a 
lower energy photon with a longer wavelengdi. Fluorescence spectroscopy (or 
fluorimetry) is a complementary technique to UV-Vis absorption spectroscopy (discussed 
in section 2.2.6). A beam of light, which is normally in the ultra-violet, excites the 
electi ons in molecules of particular compounds causing diem to emit a lower energy light 
which is usually (but not always) visible light.
The instrument used was a Perkin Elmer LS50B that was operated in its fluorescence 
mode. Polystyrene cuvettes were coated with the six selected sol-gel samples and once 
dry were analysed using UV-Vis fluorescence. The samples were analysed in air, on 
initial addition of metiiane, at intervals after addition of metiiane and on allowing the 
samples to return to air. In order to obtain the data for the samples under metiiane, 
balloons were used to seal the cuvettes and air was removed prior to methane injection. 
The samples were excited at 314 nm witii die spectra recorded between 250 -  375 mn and 
the emission spectra were collected at 398 nm and recorded between 325 -  550 nm.
2.4.2 UitraViolet (UV) Visible Sensor System
The instrument used was a Jobin Yvon CP200 Imaging Spectrograph which utilised a 
wide wavelength tungsten lamp. Selected samples were coated onto silicon wafers (see 
section 2.1.3) and the samples were analysed in air and after being subjected to a flow of 
methane. The spectra were recorded in reflectance mode between 100 -  850 mn.
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3 C H A R A C TER ISA TIO N  R E SU LTS
A  variety of characterisation techniques were used. Due to time constraints the number of 
samples analysed for many of the techniques was reduced. The samples analysed were 
determined by the experiments carried out into water versus metiiane uptake (see section 
4.3). The six samples chosen were SG L, SOM1, SOM3, STG L, STOM1 and STOM3 
(see Table 2.1 in Chapter 2 for a list of organic modifiers).
3.1 Solid State Nuclear Magnetic Resonance
Solid state NMR was carried out on the six samples listed above in order to determine 
their local structure and coordination. They were analysed with respect to both 13C and 
29Si nuclei at the EPSRC solid-state NMR service at the University of Durham (see 2.2.1 
for experimental details).
3.1.1 29Si NMR
In die 1970’s, Lippmaa et a l  carried out die first characterisation of zeolites using 29Si 
NMR. They discovered tiiat the nature of die S i0 4  tetrahedra in a silica lattice could be 
identified by die chemical shifts observed in a 29Si NMR spectrum: i.e. an isolated Si0 4  
tetrahedron could be distinguished from a Si0 4  tetrahedron joined to one, two, three, or 
four otiier tetrahedra (through comer oxygen atoms).
Quaternary silicons use the notation Q with a value ranging from zero to four 
(representing the number of adjacent tetrahedra tiiat are directly bonded to the silicon 
atom). A  characteristic range of chemical shifts is observed in die spectrum and these 
relate to die different Q values of silicon atoms, enabling die identification of die silicon 
environments of die sample. These are shown in Table 3.1.
The chemical shifts of the silicon atom may also be influenced by organic modifiers 
present. In this case “T-values” are used to describe die silicons to which are attached die 
organic gimp R, where Tn = R(SiO Si)nOH3.n (n = 1 - 3). There is also a range of 
chemical shifts by which these T values can be identified in a 29Si NMR spectrum and so
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it is also possible to identify the environment of the sample in relation to the functional 
group incorporated.
Table 3.1: Representative 29Si NMR Chemical Shifts
Silicon species Notation Chemical Shift Region (ppm)
Si(OSi)(OH ) 3 Q1 -75 to -85
Si(O Si)2 (OH) 2 Q1 -85 to -94
Si(O Si)3 (OH) Q5 -94 to -104
Si(O Si) 4 Q4 -104 to-120
ppm
Figure 3.1: 29Si NMR spectrum of SGL.
The peaks in Figure 3.1 correspond to the Q4, Q3 and Q2 species. When the spectra are 
deconvoluted the relative intensities of the species can be deduced. Figures 3.2 -  3.6 give 
29Si spectra for all samples and Table 3.2 contains the deconvolution data for all these 
samples.
The addition of the OM (see Figure 3.2) can be seen to have reduced the fraction of Q4  
groups present in die sample.
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Figure 3.2: 29Si NMR spectrum of SOM1.
ppm
Figure 3 .3 :29Si NMR spectrum of SOM3.
In figure 3.3 a small peak at approximately -65 ppm can be seen which can be attributed 
to the presence of a T group.
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ppm
Figure 3.4: 29Si NMR spectrum of STGL.
The proportions of Q4  groups in Figures 3.4 and 3.5 are reduced considerably by 
introducing titanium into the samples.
ppm
Figure 3.5: 29Si NMR spectrum of STOM1.
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ppm
Figure 3 .6 :29Si NMR spectrum of ST0M3.
The peaks in Figure 3.6 correspond to Q4, Q3 and Q2 groups with R groups being present 
once again. Again the proportion of Q4  groups can be seen to have been reduced 
considerably by introducing titanium. A  small peak at approximately -65 ppm can be 
seen which can be attributed to the presence of a T group.
Table 3.2: % contributions and chemical shifts relating to the Q and T groups present in
the modified sol-gel samples.
5 ppm (%)*
Sample Q QJ Q4 T
SG L -92.2
(6.3%)
-101.5
(46.7%)
- 1 1 0 . 6
(47.0%)
SOM1 -92.5
(5.4%)
- 1 0 1 . 2
(45.7%)
-110.3
(43.5%)
SOM3 -92.4
(3.5%)
-101.3
(44.6%)
-109.9
(47.2%)
-65.8
(4.7%)
STG L -91.9
(12.7%)
-100.9
(53.7%)
-109.7
(33.5%)
STOM1 -91.8
(11.5%)
-100.9
(52.9%)
-109.8
(35.6%)
STOM3 -91.3
( 1 2 .2 %)
-100.5
(46.1%)
-109.2
(33.2%)
-67.2
(6 .1 %)
* TMS as external reference.
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Table 3.2 shows that there is a considerable reduction in the fraction of Q4  groups and an 
increase in the fraction of Q2  groups present in the Si-T i samples, indicating that the Si-Ti 
samples have undergone a lower degree of condensation than the Si-only samples. For 
die Si-only samples the percentage of Si tetrahedra that are fully hydrolysed is 
approaching 50% and although there is a drop in this percentage for the Si-T i samples, 
there are slight increases in the percentages of Q3 and Q2 groups.
Peeters et al. [1] investigated the effect of adding trifunctional allcoxysilanes to TEOS 
using solid state NMR. Their work showed that the total number of bridging bonds for 
substituted samples was less than for pure TEOS. When they added modifiers with 
increased organic tail lengths a decrease in the percentage of T3 sites was obseived with 
an increase in T2  sites. They also observed diat the addition of trifunctional silicon 
alkoxides to TEOS leads to an increase in the degree of condensation for Q sites. An 
increase in the tail length led to an increase in the actual functionality of Q atoms.
3.1.2 13C  NMR
Figures 3.7 -  3.12 relate to 13C NMR spectra for die various sol-gel samples prepared 
during the course of tiiis work.
In Figure 3.7, it can be seen tiiat tiiere is not much NMR-detectable carbon present in the 
sample as the spectrum is of low intensity with a low signal to noise ratio. The peaks at 
58.9 ppm and 17.4 ppm correspond to CH 2  and CH 3 respectively which are to be 
expected in the light of the stalling material (i.e . Si(OEt)4). The peaks do suggest some 
incomplete hydrolysis-condensation or retention of C 2H 5 0 H.
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Figure 3.7:13C NMR spectrum of SGL.
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Figure 3 .8 :13C NM R spectrum o f  SOM1.
The peaks again seen in Figure 3.8 at 58 ppm and 17 ppm correspond to CH2 and CH3 
respectively, and arise from CH3CH20 - . In addition, peaks in the region o f  125-140 ppm 
indicate the presence o f  Si-Ph species, whilst a peak at 60 ppm indicates a OCH3 group.
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These extra peaks can be attributed to die organic modifier (phenyltrimedioxysilane) 
present in the sample.
3 0  .1 7 1
ppm
Figure 3.9: 13C NM R spectrum o f  SOM3.
The peaks seen in Figure 3.9 also correspond to CH2 and CH3 (along widi peaks 
corresponding to the organic modifier w-octadecyItriethoxysilane).
58.232
ppm
Figure 3.10:13C NMR spectrum of STGL.
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Figure 3.11: 13C NMR spectrum of STOM1.
Figure 3.10 shows that there is more carbon present in this sample than in the silica only 
sample. The peaks at 58 ppm and 17 ppm correspond to CH2 and CH3 which is to be 
expected due to the starting material of Si(OEt)4. Extra peaks can however be seen at 65 
ppm and 25 ppm that could correspond to Ti-O-C, rather than Si-O-C species.
The peaks can again be seen in Figure 3.11 at 59 ppm and 17 ppm. These correspond to 
CH2 and CH3. In addition, peaks in the region of 125 -  140 ppm indicate the presence of 
the organic modifier (phenyltrimethoxysilane) in the sample. Extra peaks can be seen in 
the spectrum which again may be due to the Ti present in the sample. Signals at -70 and 
190 ppm are spinning sidebands relating to the Si-Ph species.
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Figure 3.12: I3C NMR spectrum of STOM3.
In Figure 3.12 one can see peaks corresponding to CH2 and CH3 along with those 
corresponding to the organic modifier (n-octadecyltriethoxysilane).
Peaks corresponding to the Q4, Q3 and Q2 species could be seen in the 29Si NMR spectra 
for all six samples, R groups could also be seen in die spectra for die samples with 
additional organic modifier indicating the presence of Si-C groups. On addition of 
organic modifier and / or titanium die fraction of Q4 groups in the spectra was reduced 
and an increase in Q2 groups could be seen alongside this reduction of Q4 groups for die 
Si-Ti samples. The 13C NMR spectra showed peaks corresponding to the organic 
modifiers present in the samples. Extra peaks were obseived for STOM1 and STOM3 
that could correspond to Ti-O-C instead of Si-O-C species however this requires further 
investigation.
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X-ray diffraction was carried out to determine the crystallinity of the samples (see 2.2.2 
for experimental details). XRD profiles (see Figures 3.13 - 3.18) revealed that all the 
samples were amorphous. The effect on the structure caused by the addition of organic 
modifiers is noticeable (see Figures 3.14, 3.15, 3.17 and 3.18). For SOM3, STOM3 and 
STGL an extra peak is visible which may be due to organic groups being present, 
although in the case of the Si-Ti samples, this may be as a result of the titania present. For 
SOM1 and STOM1 two extra peaks are visible and the second extra peak, which is not so 
clearly visible for STOM1, may be due to the presence of an aromatic group in die 
organic modifier.
3.2 X-rav Diffraction
2 theta I degrees
Figure 3.13: 20 XRD profile of SGL.
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Figure 3.14: 20 XRD profile of S0M1.
Figure 3.15: 20 XRD profile o f SOM3.
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Figure 3.16: 20 XRD profile of STGL.
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Figure 3.17: 20 XRD profile of STOM1.
94
45
40 - 
35 -
30-
15 - 
10 -
5 - 
0 -
0 10 20 30 40 50 60 70 80 90 100
2 theta / degrees
Figure 3.18: 20 XRD profile of STOM3.
Table 3.3: Position of peaks from XRD spectra and their related d spacing (that are
smaller than pore sizes).
Sample 20 (°) d(A)
SGL 23.94 3.80
SOM1 23.42 3.88
12.44 7.14
9.74 9.10
SOM3 22.34 4.06
9.46 9.36
STGL 23.88 3.80
9.58 9.26
STOM1 24.78 3.68
12.14 7.32
9.54 9.30
STOM3 22.48 4.02
Table 3.3 shows the position of the peaks and the d spacing calculated using the Bragg 
equation (see Equation 3.1). The d spacing relates to a dimension in the sol-gel and so it 
is possible to obtain some structural information on the samples.
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nA, = 2dsin0 Equation 3.1
where n  is an integer (typically n = 1), X die wavelength, d the interplanar distance and 0 
is the angle o f  diffraction.
The XRD data shows the samples to be amorphous with one major broad peak which 
most likely corresponds to a silicon oxide. The principle peak for quartz is found at 
26.587° 2Theta with cristobalite’s principle peak found at 21.446° 2Theta. However extra 
peaks can be seen for the samples widi organic modifiers and / or titania and so it can be 
supposed diat their presence indicates tiiat the samples are not homogeneous as first 
thought though they remain amorphous. This inhomogeneity was also seen in the XPS 
results below where SOM1 appeared to contain carbon and silicon in more than one state.
3.3 X-rav Photoelectron Spectroscopy
XPS analysis was carried out on SGL, STGL, SOM1, STOM1, SOM3 and STOM3 in 
order to determine the chemical environment o f  the elements present within the samples 
(see 2.2.3 for experimental details). Spectra are shown in Figures 3.19 -  3.24 (C is), 3.25 
-  3.30 (Si2p) and 3.31 -  3.33 (Ti2p). In order to correct for charging it is assumed that 
die sample is S i0 2 which results in die Si2p being positioned at 103.4 eV and all other 
peaks being adjusted accordingly. Alternatively to correct for the charging is tiiat 
hydrocarbons absorbed from the atmosphere or adventitious carbon cause the carbon 
contamination. The standard for adventitious carbon is 284.6 eV [2], The spectra 
produced here were corrected to C is  at 284.6 eV. This correction results in Si2p peaks 
being positioned at approximately 103 eV which is where the peak for S i0 2 is expected.
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Figure 3.19: C ls  XPS spectrum o f  SGL.
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Figure 3.20: Cls XPS spectrum of SOM1.
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Figure 3.21: C ls  XPS spectrum o f SOM3.
All the samples show a slight shoulder on die C ls  peak which may be due to 
contamination being present. This contamination possibly results from atmospheric 
carbon and organic residues left over from the syndiesis procedure. The C ls  peak for 
SOM3 is asymmetric and wide which indicates that die carbon may be present in more 
than one state (starred). As etiianol was used as the solvent it is possible that ethoxy 
groups could have been incorporated into die aerogel structure [2].
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Figure 3.22: C ls  XPS spectrum o f STGL.
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Figure 3.23: C ls  XPS spectrum o f STOM1.
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Figure 3.24: Cls XPS spectrum of STOM3.
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Figure 3.25: Si2p XPS spectrum of SGL.
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Figure 3.26: Si2p XPS spectrum of SOM1.
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Figure 3.27: Si2p XPS spectrum of SOM3.
As seen in the Cls spectrum the Si2p peak for SOM3 is asymmetrical and wide which 
may result from the incorporation of an allcoxy group (starred).
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Figure 3.28: Si2p XPS spectrum of STGL.
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Figure 3.29: Si2p XPS spectrum of STOM1.
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Figure 3.30: Si2p XPS spectrum o f STOM3.
Figures 3.25 -  3.30 show the Si2p XPS spectra for the six samples. For all six samples a 
single peak with a binding energy (BE) o f approximately 103 eV was observed. This 
corresponds to the expected signal o f silica with the 2p signal for Si in S i0 2 found at
103.3 eV. Interestingly, SOM3 had a small high energy shoulder too which may relate to 
an alkoxy group present.
Figures 3.31 -  3.33 show the Ti 2p XPS spectra for the three samples containing titania. 
Two signals were observed for each sample which correspond to the 2pi/2 and 2p3/2 
electrons with BEs at approximately 465 eV and 459 eV respectively. The major peak at 
459 eV corresponds to the expected signal o f T i0 2 with the 2p3/2 signal for Ti in T i0 2 
found at 458.8 eV.
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Figure 3.31: Ti2p XPS spectrum o f STGL.
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Figure 3.32: Ti2p XPS spectrum o f STOM1.
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Figure 3.33: Ti2p XPS spectrum o f STOM3.
A ratio o f starting materials o f Si : Ti o f 1 : 0.25 was used. The ratio o f Si : Ti peaks 
would therefore be expected to be approximately 1 : 0.25. However die ratio o f peaks 
from the XPS analysis works out at approximately 3 : 1 Si :Ti. This would suggest that 
die Ti is incorporated more in die surface o f the materials than in the bulk o f the sample 
which would suggest that the material is not homogeneous but shows a surface 
enrichment o f  Ti.
3.4 B ET analysis
BET analysis was carried out on all samples in order to determine the surface area and 
pore size o f the samples (see 2.2.4 for experimental details). The isotherm plots can be 
seen in Figures 3.34 - 3.39. From diese plots it can be seen that all die samples had 
reversible type I isotherms and so were microporous (pore diameter < 2 nm). The only 
exceptions are the samples STOM1 and STOM3 when they were outgassed at 303 IC not 
423 IC. This would indicate that volatile solvents present in the pores prevent accurate 
measurement at 303 IC.
105
Relative Pressure P/P°
Figure 3.34: N2 adsorption isotherm for SGL outgassed at 423 K and 303 K.
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Figure 3.35: N 2 adsorption isotherm for SOM1 outgassed at 423 K and 303 K.
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Figure 3.36: N2 adsorption isotherm for SOM3 outgassed at 423 K and 303 K.
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Figure 3.37: N2 adsorption isotherm for STGL outgassed at 423 K and 303 K.
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Figure 3.38: N2 adsorption isotherm for STOM1 outgassed at 423 K and 303 K.
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Figure 3.39: N2 adsorption isotherm for STOM3 outgassed at 423 K and 303 K.
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Table 3.4 shows the surface areas derived from BET data. All the samples were 
outgassed at 423 K prior to analysis and this removed any excess volatile solvents 
present. Six samples were also analysed having been outgassed at 303 IC as the samples 
were not calcined before coating on to substrates and so this would provide a more 
accurate surface area for these samples. The data produced for the samples outgassed at 
423 IC showed a pattern of lower surface area on introduction of titania (except in the 
case of the blanks SGL and STGL). The organic and Ti02 modifiers do increase Hie total 
surface areas, but in combination tiiey can cause a loss of surface area (STOM3 displays 
a volume of 0.05 cm3 / g at 303 IC and 0.23 cm3 / g at 423 IC).
Table 3.4: Surface areas (BET SA) and total pore volumes derived from BET data.
Sample Temp outgassed (K) BET SA (m2 /g) Total pore vo lum e (cm3/g)
SGL 303 365 0.24
423 652 0.37
SOM1 303 602 0.33
423 762 0.41
SOM2 423 683 0.36
SOM3 303 524 0.30
423 591 0.32
SOM4 423 672 0.35
SOM5 423 422 0.22
SOM6 423 428 0.22
SOM7 423 541 0.28
STGL 303 535 0.30
423 678 0.38
STOM1 303 58 0.07
423 406 0.23
STOM2 423 247 0.13
STOM3 303 53 0.05
423 338 0.23
STOM4 423 392 0.20
STOM5 423 423 0.22
STOM6 423 307 0.16
STOM7 423 360 0.18
Figures 3.40 to 3.14 show die pore distribution plots for the six samples. These are shown 
as die samples outgassed at 303 IC (-) and at 423 IC (-). For all six samples die distribution
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shows the average pore diameter to be below the instrument’s detection limits which 
once again shows the samples to be microporous (the average pore size being less than 20 
nm).
Average Diameter (Dp) / nm
Figure 3.40: Average Pore Size Distribution for SGL outgassed at 423 K and 303 K.
Average Diameter (Dp) / nm
Figure 3.41: Average Pore Size Distribution for SOM1 outgassed at 423 K and 303 K.
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Figure 3.42: Average Pore Size Distribution for SOM3 outgassed at 423 K and 303 K.
Average Diameter (Dp) / nm
Figure 3.43: Average Pore Size Distribution for STGL outgassed at 423 K and 303 K.
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Average Diameter (Dp) / nm
Figure 3.44: Average Pore Size Distribution for STOM1 outgassed at 423 K and 303 K.
Average Diameter (Dp) / nm
Figure 3.45: Average Pore Size Distribution for STOM3 outgassed at 423 K and 303 K.
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SEM was carried out on fused silica wafers that were previously coated with the various 
sol-gels (see 2.2.5 for experimental details), to determine the surface characteristics and 
the thickness of the coatings (as xerogels).
3.5 Scanning Electron Microscopy
Figure 3.46: SEM images of a) SGL, b) SOM1, c) SOM3, d) STGL, e) STOM1 and
f) STOM3 coatings on silica wafers.
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Figure 3.46 shows substrates coated with the six samples during the sol stage. The 
surfaces all show some degree of cracking, SOM3 and STOM3 showing the greatest 
amount of cracking. This cracking becomes more apparent when taking in to account the 
magnifications used with SOM3 and STOM3 having been captured at much higher 
magnification than for example SOM1. These samples were coated in a 50:50 dilution of 
sol: ethanol. This cracking could be seen to reduce with increasing dilution factor as seen 
in Figure 3.47. The object seen to the top left of the SEM image is assumed to be a piece 
of dust.
1 90pm 1
Figure 3.47: SEM image of Optical Fibre coated in 25:75 dilution of
STOM1 sol: ethanol.
In order to obtain the correct thickness of the film, a set of dilutions was carried out. Pre­
cleaned microscope slides were used (alongside optical fibres) in order to reduce the cost 
in using silica substrates. Figure 3.48 shows the SEM images obtained for the 50:50 and 
25:75 dilutions ofSTOMl.
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Figure 3.48: SEM images of thin films of STOM1 at different thicknesses a) 50:50 and
b) 25:75.
The thickness of the thin films was determined using SEM (as shown in Figure 3.48) was 
measured at 50:50 as 198 nm. The thickness for the 25:75 dilution was determined as 94 
nm which fell below the required threshold of 100 nm as stated in chapter 2 and so this 
was the dilution factor chosen for future coatings of thin films.
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3.6 Ultra-Violet / Visible (UV-Vis) Spectroscopy
3.6.1 Diffuse reflectance (DR) UV Spectroscopy
UV-Vis reflectance spectroscopy was carried out to determine the effect o f the T i0 2 in 
the samples. The standards shown below (S i0 2, anatase and rutile) had previously been 
run by Leadley [3] (see 2.2.6 for experimental details).
Figure 3.49: DR-UV-Vis spectrum of S i0 2 [2].
Figure 3.50: DR-UV-Vis spectrum of T i02 anatase [2].
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Figure 3.51: DR-UV-Vis spectrum o f T i0 2 ratile [2],
Figure 3.49 shows the spectrum for S i0 2. This has a broad feature at 288mn. The two 
forms o f  T i0 2 (anatase and rutile (Figures 3.50 and 3.51)), however, show well-defined 
sigmoidal-shaped signals at approximately 368nm and 397nm respectively [3].
The spectra from all six samples were combined in one graph (Figure 3.52) and from this 
it can be seen diat the samples fall into two definite camps of S i0 2 samples and S i0 2- 
T i0 2 samples. The S i0 2 samples have a feature obseived at approximately 288nm. The 
S i0 2-T i0 2 had features at approximately 340nm (part way between the S i0 2 and the 
T i0 2), but are ill-defined, again unlike the standards.
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3Wavelength / nm
Figure 3.52: DR-UV-Vis Spectra o f Samples.
Figure 3.52 Shows that there is an observable change in the position o f the absorption 
edge for the S i0 2 samples in comparison with the S i0 2-T i0 2 samples. The adsorption 
edge for S i0 2 can be seen at approximately 288 nm in Figure 3.49. The two forms o f 
titania show adsorption edges at 368 and 397 nm for anatase and rutile respectively as 
seen in Figure 3.50. Like S i0 2, the silica-only samples show an adsorption edge at 288 
nm with the S i0 2-T i0 2 samples showing adsorption edges at approximately 306 nm 
which can be seen to be part way between the S i0 2 and T i0 2. None o f the three mixed 
oxide samples showed an isolated signal relating to the S i0 2, anatase or rutile standards 
and so it is likely that there are homogeneous Si-O-Ti linkages present in these samples
[4].
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One o f the most important criteria in order for thin films to be successful in industry is 
transparency [5]. Substrates coated with the six sols were analysed by using transmittance 
UV-Vis spectroscopy in order to determine their transparency (see 2.2.6 for experimental 
details).
3.6.2 UV-Vis Transmittance Spectroscopy
7
6
£ 4o
CDfl
<D
P4
1
-  SGL
-  SOM1
-  SOM3
— STGL
STOM1
-  STOM3
500 1000 1500 2000 2500
Wavelength / nm 
Figure 3.53: Transmittance UV-Vis Spectra of Samples.
The transmittance UV-Vis spectra for all six samples are shown in Figure 3.53 which 
shows that approximately 94% of the incident UV-Vis radiation was transmitted (shown 
on spectra as % reflectance). This translates as only 6% o f the incident radiation being 
reflected over the wavelength investigated and so satisfying this condition for reflectivity.
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3.7 In fra re d  Spectroscopy
IR can also provide information about Si-O-Ti bonding in the samples and in that context 
may be complementary to UV-Vis. Table 3.5 summarises die infrared vibrations 
observed in S i0 2 and S i0 2-T i0 2 gels. I f  tiiere are Si-O-Ti linkages present in die samples 
then a peak should be obseived in the region o f 900 -  960cm'1.
Table 3.5: Summary o f Infrared Vibrations Obseived in S i0 2 and S i0 2-T i0 2 Gels.
Assignment Wavenumber cm"1
v (Si-O-Si) 7 9 0 -8 1 0
v (Si-O-Si) 1 0 8 0 -  1100
v (Si-O-Si) 4 6 5 -4 7 2
v (SiOH, TiOH) 9 0 0 -9 7 0
v (Si-O-Ti) 930 - 660
Figure 3.54: IR Spectra of SGL
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Figure 3.55: IR  Spectra of SOM1
s
Figure 3.56:IR Spectra of SOM3
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Figure 3.57: IR  Spectra of STG L
Figure 3.58: IRSpectra of STOM1
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Figure 3.59: IR  Spectra of STOM3
The spectra in figures 3.54 -  3.59 were obtained for samples SGL, SOM1, SOM3, STGL, 
STOM1 and STOM3. For the silica only samples as expected there is no peak in the 
region of 900 -  960cm"1. However, for the silica-titania samples peaks can be seen in this 
region for STGL at 950 cm"1, STOM1 at 945 cm' 1 and for STOM3 at 948 cm'1. The 
presence of these peaks in the silica-titania samples indicates the presence of Si-O-Ti 
linkages.
Liu et al [6] prepared a series of inorganic-organic hybrid silica-titania membranes. The 
membranes were studies using IR and they showed that increasing the titanium content 
increased die intensity of die Si-O-Ti vibration peak at 950cm'1 indicating an increase of 
Si-O-Ti bonds. Gracia et al [7] prepared Si02-Ti02 films which diey studied using IR. 
They also showed that increasing the Ti content increased die intensity of a peak at 
940cm'1 which could be attributed to Si-O-Ti as it was present for a Si only film.
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The 29Si NMR spectra for all six samples show peaks corresponding to the Q4, Q3 and Q2 
species, while R groups could be seen in the spectra for the samples with additional 
organic modifier indicating the presence of Si-C groups. The fraction of Q4 groups in the 
spectra was reduced on addition of organic modifier and / or titanium and in the case of 
titania being present in the samples this reduction was considerable (as seen in Table 3.2). 
Alongside this reduction of Q4 groups for the Si-Ti samples, a concomitant increase in Q2 
groups was observed which would indicate that the samples have undergone a lower 
degree of condensation than the Si-only samples. For the Si-only samples approximately 
50% of Si tetrahedra were fully hydrolysed, although there is a drop in this percentage for 
the Si-Ti samples.
The 29Si NMR spectra show two major peaks corresponding to Q3 and Q4 groups. This 
was also seen by Fidalgo et al [8], who noted the complete absence of Q1 groups 
indicated the lack of terminal Si atoms. Their work concluded that the silica network is 
composed of cyclic units (Q3 groups) crosslinked by oxygen bridges (Q4 groups) [8]. 
When the effect of adding trifunctional allcoxysilanes to TEOS was investigated using 
solid state NMR by Peters et al, [1] they observed a decrease in the percentage of T3 sites
♦ 9 •and an increase m T sites with increased organic tail lengths. They also observed an 
increase in the degree of condensation for Q sites resulted from the addition of 
trifunctional silicon alkoxides to TEOS.
The organic modifiers present in the samples were observed from their 13C NMR spectra. 
For SGL the spectrum was of low intensity and so there was not much carbon present in 
the sample with the peaks present corresponding to the starting material. The spectrum 
for STGL showed that there was more carbon present in this sample than in the silica- 
only sample. The peaks seen in the spectrum for SOM1 correspond to the organic 
modifier, which is also the case for SOM3. For STOM1 and STOM3 extra peaks were 
observed that could correspond to Ti-O-C instead of Si-O-C species.
3.8 Discussion
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Again Fidalgo et al. [8] observed the presence o f two peaks consistently present in the 
13 C NM R spectra. These correspond to the CH2 and CH3 moities which are present as a 
result o f  unreacted ethoxy groups o f TEOS or triethoxysilane.
XRD spectra showed that die samples were amorphous. This was also observed by Pabon 
et al. who prepared S i0 2-T i02 mixed oxides by the sol-gel route [9]. Diffraction peaks 
were only obseived when they calcined their samples at 1173 IC. A  non-crystalline 
structure was seen in the XRD pattern recorded by Yang et al. [10] who doped S i02 
xerogel witii CaS and Nd2S3.
Although the XRD spectra indicated tiiat die samples were amorphous, extra peaks could 
be seen for some o f the samples. This would suggest tiiat the samples were not 
completely homogeneous and tiiat there were different phases present in the samples. 
This was potentially due to the organic modifiers attraction or repulsion for otiier groups. 
The phenyl groups are planar and show strong interactions between each other and also 
there isn’t  much in the way o f  steric hindrance unlike long chain aliphatic modifiers. 
Witii the aliphatic groups and in particular those with a  long chain, as in die case o f OM3, 
steric hindrance may be a problem. As altiiough die organic groups are attracted to each 
other diere is not enough room round the molecule for further groups to approach.
The Si2p XPS spectra for die six samples show a single peak witii a binding energy (BE) 
o f approximately 103 eV. This corresponds to die expected signal o f silica witii die 2p 
signal for Si in S i0 2 found at 103.3 eV. The Ti 2p XPS spectra for die three samples 
containing titania show two signals for each sample, which correspond to die 2pi/2 and 
2p3/2 elections witii BEs at approximately 465 eV and 459 eV respectively. The major 
peak at 459 eV corresponds to die expected signal o f T i0 2 witii the 2p3/2 signal for Ti in 
T i0 2 found at 458.8 eV.
S i0 2-T i02 diin films were investigated by Ren et al. to determine die superhydrophilicity 
[11]. They observed a reduction in the C is  and O ls  peaks after samples were UV- 
irradiated indicating that contaminants were present in die samples and that irradiating
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them removed the contaminants. In the case of the sol-gel samples prepared here, organic 
groups were present as a result of the addition of organic modifiers although there may be 
contaminants present as a result of the TEOS starting material.
The BET isotherm plots show that all the samples had type I isotherms and so were 
microporous (pore diameter < 2 nm). The only exceptions are the samples STOM1 and 
STOM3 when they were outgassed at 303 IC not 423 IC. As stated above this would 
indicate that volatile solvents present in the pores prevents accurate measurement at 303 
IC. It could be obseived that the addition of titania lowered the surface area of the samples 
(except in die case of the blanks) but diat although the organic modifiers affect die 
surface area, there is no set pattern. The pore distribution plots again show the samples to 
be microporous (the average pore size being less than 20 nm) with an average pore 
diameter less tiian the instruments detection limits.
Type I isodierms were also observed for microporous materials by Storck et al who 
characterised micro- and mesoporous solids using physisorption methods [12]. Chen et 
al [13] produced silica gel supported Ti02 particles for die photodegradation of dye 
pollutants imder visible light irradiation. The surface areas of the samples they produced 
decreased widi increasing amounts of Ti02 as did die pore volume. This is the general 
trend also seen above.
Loy and Shea [14] reviewed porous hybrid organic-inorganic materials and dieir paper 
stated that there is no simple relationship between the length of arylene spacer and 
average pore size. From the materials produced above diis also appears true. The surface 
area and porosities of materials containing aliphatic groups are highly dependent on the 
lengdi of die chain [15]. Solids tiiat behave as resins witii no specific surface area are 
formed when longer chains (more tiian ten CH2 groups) are incorporated. Shorter chains 
lead to mesoporous or microporous materials under specific conditions. From the nature 
of die organosilane precursor it is impossible to predict the porosity of the resulting solid 
[15]. However increasing die chain lengtii of the organosilane precursor increases die 
steric hindrance around the precursor molecules and so inhibiting the packing efficiency
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of the molecular chains [16]. This in turn increases the pore size and decreases the 
surface area. With phenyl groups the surface area is increased and the pore size decreased 
which is possibly due to the strong interactions between the planar phenyl groups which 
don’t suffer from steric hindrance like long chain aliphatic modifiers.
SEM was used to look at the surface of the samples when applied as coatings. All 
samples showed some degree of cracking with SOM3 and STOM3 showing the greatest 
amount of cracking. In order to reduce the degree of cracking, the samples were diluted 
prior to coating and the cracking could be seen to reduce with increasing dilution. The 
dilution factor chosen for future coatings of thin films was chosen to be 25 : 75 sol-gel: 
ethanol as the thickness of the film was measured at 94 mn (STOM1) which was below 
the required threshold of 100 nm.
Guo et ai [17] produced photocatalytically active nanoporous Ti02 films by the sol-gel 
process in the presence of polyethylene glycol (PEG). SEM images were taken of Ti02 
films produced with and without PEG. Crack-free films could be seen for the films 
containing PEG which compared to films without PEG which were crack laden and flaky.
The UV-Vis reflectance specta show that the samples can be identified as Si02 samples 
and Si02-Ti02 samples and that tiiere is an observable difference in where the adsorption 
edge for the Si02 samples is seen in comparison with the Si02-Ti02 samples. It is likely 
that there were homogeneous Si-O-Ti linkages present in these samples as none of the 
three mixed oxide samples showed an isolated signal relating to the Si02, anatase or 
mtile standards. This would be confirmed by FT-IR.
Reflectance UV-Visible spectroscopy was carried out on substrates coated with the six 
sols in order to determine their transparency. The reflectance UV-Vis spectra for all six 
samples showed that approximately 94% of the incident UV-Vis radiation was 
transmitted. This translates as only 6% of the incident radiation being reflected over the 
wavelength investigated and so satisfying the condition required for reflectivity [5].
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Wang et al [18] presented diffuse reflectance UV-vis spectra for MWNT multi-walled 
carbon nanotubes (MWNT) and titania composite catalysts prepared by a modified sol- 
gel method. The neat Ti02 showed no absorption above its fundamental absorption at 400 
nm as expected with the MWNT composite catalysts being able to absorb at higher 
wavelengths than Ti02.
In summary, it has been shown that amorphous, microporous sol-gel samples have been 
prepared. The silica network is composed of cyclic units (Q3 groups) crosslinked by 
oxygen bridges (Q4 groups) as shown by NMR. XPS showed that the silica was present in 
the form of Si in Si02 and the titania as Ti in Ti02. The UV-Vis reflectance showed that 
it is likely that homogeneous Si-O-Ti linkages were present in the samples.
Films of thicknesses less than 100 nm were possible when the sol-gels were diluted with 
ethanol in a 25 : 75 sol-gel : ethanol ratio. Diluting the sample could also be seen to 
reduce cracking. The samples could be seen to transmit 94% of incident UV-Vis radiation 
and so satisfying die condition required for reflectivity.
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Initially, to determine the extent of methane and water uptake on die prepared samples, 
flow experiments using a residual gas analyser and static water uptake in a series of 
desiccators were carried out. From these experiments it was possible to reduce the 
number of samples to be analysed in deptii using instruments for precise gravimetric 
measurement (the IGASorp for water adsorption and the McBain Bakr for methane 
uptake).
4. ADSORPTION RESULTS
4.1 Residual Gas Analysis
RGA data were processed using MS Excel and Jandel PeakFit v4. The samples were run 
under a flow of argon (40 cm3 min"1) and subsequently air (40 cm3 min"1) and into botii 
were injected pulses (100 pl) of 6% mcdianc in argon. Each pulse was expected to 
contain 1.606 x 107 molecules of methane. The baseline noise was too great for the 
samples run under air to allow a direct comparison of the peaks and so the analysis of die 
peaks was carried out on die samples run under argon. This direct comparison was 
earned out using PeakFit v4 which integrated the peak areas. A “blank” was produced 
with argon flowing through the empty reactor cell with no methane adsorbed. In both 
blanks and sample duplicates were nm in order to reduce the effect of errors on the 
results and an average peak area was calculated; this is the value shown in Table 4 1 The 
time from injection to tmax for die samples run under argon was 55 s witii a flow rate of 
40 cm3 min' 1 (for the samples run under air the flow rate was 40 cm3 min"1 with tmaK being 
35 s).
Figures 4.1 -  4.6 show plots of six samples (see section 4.3) as instrament response 
versus time. In each case it can be seen tiiat there is a reduction in the peak size with 
samples present compared witii those of die blank and so it can be assumed tiiat in each 
case some methane has been adsorbed b}7 each sample. By comparing the area under the 
peaks of die samples with the blanks, die percentage of metiiane adsorbed could be 
calculated. The data fr om these plots are also shown in Table 4.1.
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Figure 4.1: RGA data at m/e 15 when a pulse (100 pi) of CKj was injected into the 
empty reactor cell (o) and reactor cell containing SGL (o) at 298 K.
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Figure 4.2: RGA data at m/e 15 when a pulse (100 jil) of CfL was injected into the 
empty reactor cell (o) and reactor cell containing SOM1 (o) at 298 K.
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Figure 4.3: RGA data at m/e 15 when a pulse (100 pi) of CH4 was injected into the 
empty reactor cell (o) and reactor cell containing SOM3 (o) at 298 K.
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Figure 4.5: RGA data at m/e 15 when a pulse (100 pi) of CHU was injected into the 
empty reactor cell (o) and reactor cell containing STOM1 (o) at 298 K.
g.in
cC
gB
5 0 0 1000 
t i m e  /  s
1 5 0 0 2000
Figure 4.6: RGA data at m/e 15 when a pulse (100 pi) of CH4 was injected into the 
empty reactor cell (o) and reactor cell containing STOM3 (o) at 298 K
From the adsoiption data (%) it is possible to calculate the mass (g) and number of moles 
of metiiane adsorbed by each gramme of the samples. In order to calculate the mass, the 
ideal gas equation is used (Equation 4.1).
pV = nRT Equation 4.1
where T is die Temperature of die water badi (298 K), p is the standard pressure at 298 IC 
(105 Pa), P_ is the gas constant a.t 298 k (8.31451 Pa. m3 K -l mol-1) a.nd V is the volume 
of mediane injected diat was adsorbed.
If 100 pi of 6% methane in argon was injected dien this is 6 pi of methane. Using this 
assumption, the volume o f  methane that is in theorv adsorbed bv the satrmle can he 
calculated and so n can be determined using equation 4.1. Using Equation 4.2 the mass of 
methane adsorbed can be calculated.
n = m Equation 4.2
M
where M is the molecular mass of metiiane, m is the mass of methane and n is the number
of moles.
The %  methane adsorbed for all die samples can be seen in Table 4.1. The amount 
absorbed varied from 13.7% for SOM7 up to 51.1% for SOM3 and for all samples except 
SOM7 die % eiTor was less than 10%.
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Table 4.1: CH4 adsorbed (% and m ass) by sam ples obtained from  processed  R G A  curves
Sample
name
%  ch4
adsorbed
ch4
adsorbed
(tig)
CH4 adsorbed 
(pg per g 
sample)
CH4 adsorbed 
(pg per m2 
sample)
CBL adsorbed 
(molecules per 
in2)
SGL
SOM1
37.2 ±3.0 
45.1 ±0.3
1.44 ±0.12 
1.75 ±0.01
148.6 ±11.9 
181.2± 1.1
0.23 ± 0.02 
0.24 ± 0.00
3.55 x lO 16 
3.84 x lO 16
SOM2 30.9 ±0.4 1.20 ±0.02 134.2 ±1.7 0.20 ± 0.00 3.15 x 1016
SOM3 51.1 ±0.1 1.98 ±0.01 204.3 ± 0.3 0.35 ± 0.00 5.56 x lO 16
SOM4 48.1 ±0.2 1.86 ±0.00 206.5 ± 0.9 0.31 ±0.00 4.93 x lO 16
SOM5 25.1 ±2.5 0.97 ±0.10 85.4 ±8.4 0.20 ± 0.00 3.24 x lO 16
CO\4AW V iU V 13.7 ± 0.5 0.53 ± 0.00 52.6 ± 0.3 0.12 ± 0.02 1 oc v in16
SOM7 14.6 ±2.1 0.57 ±0.08 48.4 ±6.9 0.09 ± 0.00 1.43 x lO 16
STGL 38.9 ±0.5 1.51 ±0.02 152.2 ±2.0 0.23 ± 0.01 3.61 x 1016
STOM1 46.0 ±2.6 1.78 ± 0.10 193.3 ±11.1 0.48 ± 0.00 7.65 x 1016
STOM2 35.6 ±0.5 1.38 ±0.02 153.1 ±2.1 0.62 ±0.01 9.94 x lO 16
STOM3 31.3 ±0.8 1.60 ±0.03 163.9 ±3.1 0.49 ±0.01 7.79 x lO 16
STOM4 29.8 ±0.6 1.16 ± 0.02 127.1 ±2.3 0.32 ±0.01 5.20 x 1016
STOM5 23.9 ± 1.5 0.93 ± 0.06 77.2 ±4.7 0.18 ±0.01 2.92 x lO 16
STOM6 16.3 ±2.3 0.63 ± 0.09 47.2 ±6.7 0.15 ±0.02 2.47 x 1016
STOM7 19.9 ±0.5 0.77 ± 0.02 81.2± 1.9 0.23 ±0.01 3.61 x lO 16
4.2 Preliminary Water Adsorption Experiment
The initial results with respect to the hydropliobicity or hydrophilicity of the samples 
were obtained at known levels of relative humidity (see section 2.3.2) using a series of 
desiccators. The samples were weighed at various times to determine the extent of water 
uptake at 32.78 %, 43.2% and 75.29 %  RH (see Table 4.2).
Figure 4.7 shows the %  weight increase for SGL (pre-dried in vacuum at 303 K for 48 
hours) over time at all RHs. Interestingly, there was still a small weight loss at 0 %  RH 
which may due to further losses of water and organic solvents and the samples 
undergoing further hydrolysis and condensation. Any further structural changes could 
have been determined bv carrvin& out 29Si NMR after further dvinff of the samnles The•7 -» u  J x
data shown in Table 4.2 were determined from an average of the 32.78%, 43.2% and 
75.29% RH experiments.
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Figure 4.7: %  weight increase due to H20 uptake over time for SGL at 298 K.
Table 4.2: %  weight increase due to H20 adsorption by sol-gel samples at 298 K.
Sample
Name
%  Weight 
increase
A wt increase 
relative to SGL
SGL 19.1 0.0
SOM1 17.4 -1.7
SOM2 17.6 -1.5
SOM3 12.5 -6.6
SOM4 17.9 -1.2
SOM5 18.5 -0.6
SOM6 13.5 -5.6
SOM? 19.2 0.1
STGL 15.4 -3.7
STOM1 13.8 -5.3
STOM2 17 -2.1
STOM3 11.1 ©001
STOM4 13.5 -5.6
STOM5 12.9 -6.2
STOM6 11.9 -7.2
STOM7 13.8 -5.3
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RGA measurements of %  methane adsorption at 298 K (Table 4.1) were compared in 
Figure 4.8 with the data obtained from the desiccator experiments (Table 4.2).
4.3 Comparison between RGA and Desiccator data
From Figure 4.8 it can be seen that there is only a small change in the extent of water 
adsorption at 298 K on the sol-gel samples (despite Ti02 and organics incorporation) but 
that methane adsorption is greatly affected. Thus, there is a large spread of values of 
extents of methane adsorbed at 298 K (i.e. 13.7 to 51.1%).  From this plot it appears that 
the best sample for minimum water adsorption and maximum methane adsorption is in 
the bottom right hand corner of the plot. Therefore, the samples picked for extended
P /VTk M '“y PTTl/VE K ^  1 f  1 1 ' ,1 n /'Xi <r 1 PI/'-'IT 1 * ianalysis weie owivu, ^ i i i^vij) anu ^ i wivi i aiong wiui ^wivn, j u l  anu o i uxv in oruei 10 
provide a complete comparison between the silica only samples with those containing 
titania, and with the included blanks (no organic modifier).
20-s * ♦ ♦SGLSOM? « *SOIlMSOM2 ♦ STOM2 • S0™1
15 —  ----------------   *St6i_
*  ♦, OTOM7 *  *  ♦ SIOM13 SOM6^ <rmUR STOW4 ♦ SOM3
| 10 ■
S£ a ■S 5
30
% Methane adsorbed
Figure 4.8: Comparison of CH4 adsorbed at 298 K and H20 adsorbed at 298 K by sol-gel
samples.
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Water adsorption analysis was carried out on the IGAsorp on three samples (STGL, 
STOM1, and SOM1) that had been pre-dried in a vacuum oven for 48 hours. Figures 4.9 
-  4.14 show the water adsorption isotherms at 298 K for the three samples.
Figure 4.10 shows the water adsorption isotherm for the sample STGL. As would be 
expected, the sample increases in weight with increasing relative humidify. At about 40% 
relative humidify the rate of weight increase per %  RH can be seen to slow down. By the 
time the sample reached 90% relative humidity the samples weight increased by 24.63%. 
This corresponds to an uptake of 13.67 mmol / g or 0.02 mmol H20 / m2 of total surface 
aiea. The full isoliieiinal uaia measuieu in a ume-uepeiuiein inaiuiei can be seen in 
Figure 4.9.
4.4 Water Adsorption
% RH
Figure 4.9: Detailed time-dependent H20 adsorption data at 298 K for STGL.
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Figure 4.10: H20 adsorption isotherm for STGL at 298 K.
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%  RH
F igu re 4 .11: Detailed tim e-dependent H20  adsorption data at 298 K for STOM 1.
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Figure 4.12: H20 adsorption isotherm for STOM1 at 298 K.
figure 4.11 shows the time-dependent water adsorption at 298 K while figure 4.12 
shows the equilibrium water adsorption isotherm at 298 K for STOM1. This is similar to 
that in Figure 4.10 for STGL it shows a maximum uptake of 8.17 mmol / g or 0.02 mmol 
H20 / m2 of total surface area at 298 K, it also shows a little hysteresis. Again the 
sample’s rate of weight increase can be seen to slow down but at about 30% relative 
humidity. By the time the sample reached 90% relative humidity the sample’s weight 
increased by 19.53%.
Figure 4.13 shows the detailed time-dependent water adsorption data at 298 K for SOM1 
and Figure 4.14 shows the equilibria water adsorption isotherm for this sample. A 
definite “knee” can be seen at 40% relative humidity, after which the rate of weight 
increase can be seen to slow down. By the time the sample reached 90% relative 
humidity the samples weight had increased by 31.92%. This corresponds to an uptake of 
13.41 mmol / g or 0.02 mmol H20 / m2 of total surface area.
•  Desorption 
O Adsorption
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Figure 4.13: Detailed time-dependent H2Q adsorption data at 298 K for SOM1.
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Figure 4.14: H20 adsorption isotherm for SOM1 at 298 K.
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To investigate more the kinetics of water adsorption the weight increase at selected %  
RHs has been plotted against time. For each humidity (10%, 20% etc.), the baseline 
weight was taken to be zero anu wheie the weight finished incieasing was taken as 100%. 
This allowed data for all three samples to be compared. The results are shown below in 
Figures 4.17 -  4.25.
100
2000 4000 6000 8000 10000 12000 14000
Time
Figure 4.17: Comparison of rates of change of sample weights over time at 10% RH.
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Figure 4.18: Comparison of rates of change of sample weights over time at 20% RH.
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F igu re 4.19: Comparison o f  rates o f  change o f  sam ple w eights over tim e at 30%  RH.
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Figure 4.20: Comparison of rates of change of sample weights over time at 40% RH.
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Figure 4.21: Comparison o f  rates o f  change o f  sam ple w eights over tim e at 50% RH.
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Figure 4.22: Comparison of rates of change of sample weights over time at 60% RH.
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Figure 4.23: Comparison o f  rates o f  change o f  sam ple w eights over tim e at 70%  RH.
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Comparison of rates of change of sample weights over time at 80% RH.Figure 4.24:
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F igu re 4.25: Comparison o f  rates o f  change o f  sam ple w eights over tim e at 90%  RH.
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The results shown in Figures 4.17 -  4.25 relate to the adsorption results only (Figures 
4.26 -  4.34 show the desorption results). It can be seen that at 10% to 60% RH the curves 
all show a laic of adsorption tiiat slows down with increasing iinie. At 80% STOrvrl 
shows a linear relationship between % weight increase and time. The other two samples 
(STGL and SOM1) overall show curves but these are no longer smooth as the sample 
appears to have a number of oscillations in weight increase. The curves then tail up as 
they approach 100% weight increase for this relative humidity. By the time 90% relative 
humidity is reached none of the samples is showing either a linear or a smooth curved 
relationship between weight increase and time. SOM1 is showing an oscillation effect, 
STOM1 a stepped curve and SFGL appears to reach its maximum weight mcreace 
then lose weight again.
Time / s
Figure 4.26: %  Weight decrease over time at 90% RH.
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Figure 4.27: %  Weight decrease over time at 80% RH.
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Figure 4.28: %  Weight decrease over time at 70% RH.
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Figure 4.29: %  Weight decrease over time at 60% RH.
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Figure 4.30: %  Weight decrease over time at 50% RH.
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Figure 4.31: %  Weight decrease over time at 40% RH.
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Figure 4.32: %  Weight decrease over time at 30% RH.
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Figure 4.33: %  Weight decrease over time at 20% RH.
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Figure 4.34: % W eight decrease over tim e at 10% RH.
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As seen for die adsoiption results, the samples at 90% and 80% RH show curves that 
oscillate. From 70% down to 10% however, all samples show a smootii curved 
relationship between weight decrease and time.
4.5 McBain Bakr Balance
Only one sample (STOM1) was run on the McBain Bakr apparatus. Figure 4.35 below 
shows die adsorption isotherm for methane on STOM1 where %  weight increase is 
plotted against pressure.
Pressure / Pa
Figure 4.35: McBain Bakr isotherm of CH4 adsoiption in STOM1 at 298 IC.
Initially die uptake of methane by die sample was modest but as the metiiane pressure 
increased so did the %  weight increase. Unfortunately the adsorption curve produced is 
not smooth and does not tail off completely at higher pressure (but then this was just 1 % 
of ail atmosphere) although the rate of %  weight increase does appear to have slowed 
down. On desorption hysteresis was shown.
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As die weight of die sample was known (0.208 g) die mass of mediane could be 
calculated using the calibration curve (see Figure 2.11).The mass of methane calculated 
to have been adsorbed by STOM1 on the McBain Baler apparatus was 0.016g (0.077g 
CH4 adsorbed per gramme of sample). This compares with 1.643 x IQ7 g (0.1643 pg) 
CH4 adsorbed per gramme of sample in the RGA but then die RGA experiment is in a 
very short time scale i.e. die residence time of die pulse was just 60 seconds and the 
McBain measurements took a month.
4.6 Discussion
The results from the RGA experiments showed tiiat all samples adsorbed mediane to a 
certain extent. The results also showed however that some samples adsorbed greater 
aiuvliu is u i ntCtiicuiC tilaU OtliCfS, W ith 13.79 u o f  a 100 p i iUjCCtlOil o f  lliCilialiC uCuig 
adsorbed by SOM6 and 51.7% by SOM3. RGA analysis has been used by a number of 
groups to detect levels of residual gases in a variety of systems. Buelna et al. [1] used 
real-time mass spectroscopy to monitor die progress of a catalytic alkylation reaction 
using an H* (3-zeolite to produce cmnene from benzene and propylene. RGA/MS allowed 
continuous monitoring of the reactant consumption and product formation and so the time 
taken for the reaction to go to completion. RGA was used by Sermon and Walton [2] to 
determine the ease of O to establish itself on a surface precovered by CO and CO to 
establish itself on a surface precovered by O. They determined this from the rates of C02 
evolution using residual gas analysis along witii differential scanning calorimetry (DSC). 
Cruden et al [3] used RGA to determine die degrees of precursor dissociation and high 
molecular weight Spoc.ios form ation when a direct current f'dc.) was omnloved to a m ixture 
of acetylene and ammonia for carbon nanofibre growtli. The RGA data showed that as 
the pressure increased there was an increase in precursor dissociation, witii acetylene and 
ammonia concentrations decreasing, and an increase in the concentrations of die
hvdrogen and hvdrotmn evanidc orodnc.tsJ o  —— J — C? ~ ~ J w ~ — I--------------
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Tlie results from the water adsorption experiments using the desiccators showed that, like 
metiiane, water was adsorbed to a certain extent by all samples and so no sample was 
completely hydrophobic. The results from the IGAsorp experiments confirmed the 
difference in extent of adsorption by three of the samples, with the samples having 
increased in weight by 19.53%, 24.63% and 31.92 %  for STOM1, STGL and SOM1 
respectively at 90% RH. It can be seen diat it is die combination of die added organic 
modifier and titania that potentially increase die samples hydrophobicity. Muster et al [4] 
carried out water adsorption on colloidal silica spheres using a custom build gravimetric 
apparatus. They found diat the water uptake was controlled by the hydroxylation state of 
die silica particle surface and the rate of water condensation to form multilayers. Mooney 
and MacElroy [5] conducted differential water sorption studies on Kevlar™ 49 and as 
polymerised p o l y  (fr-phenylene tercphthalamide) using a gravimetric sorption apparatus. 
Their equilibrium sorption results for Kevlar™ 49 at 303 IC revealed a hysteresis loop 
that extended over the whole range of pressures studied.
A McBain Baler balance was used to determine the methane adsorption isotherm for 
STOM1. It was calculated that 0.077g CH4 was adsorbed per gramme of sample which 
compared to 1.643 x 10'7 g CH4 adsorbed per g sample in die RGA though die pressure 
was much lower and the timescale much longer. Branton and Reynolds [6] used a 
McBain Bakr balance to measure adsorption isotherms of carbon tetrachloride on pure 
silica ill die form of MCM-41. Isotiierms of type V shape were measured witii die size 
and position of capillary condensation / evaporation dependent on the temperature 
(within a range of 273 -  323 K).
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5 ULTRA-VIOLET SENSOR EXPERIMENT RESULTS
The possibility of using sol-gels materials as chemical sensors has been investigated by 
many groups and the potential for combining these sensors with fluorescence has also 
been studied. Much work lias been earned out into adsoiption of solvent vapours such as 
methanol, acetone and benzene to quench the photoluminescence of porous silicon [1]. 
The photoluminescence of porous silicon has also been found to be quenched by gases 
such as sulphur dioxide and iodine [2], nitric oxide and nitrogen dioxide [3] and oxygen 
[4-6].
The following experiments were carried out with the intention of determining if sol-gel 
samples were capable o f  adsorbing methane (as shown in chapter 3) They were also used 
to determine if this adsoiption could be followed with an ultra-violet sensor system.
5.1 Ultra-Violet Visable (UV-Vis) Fluorescence Spectroscopy
Plastic cuvettes were coated with the six selected sol-gel samples and once dry were 
analysed using UV-vis fluorescence. Polystyrene cuvettes were used due to the difficulty 
in removing the coatings from silica cuvettes after analysis. Fluorescence had been 
earned out on both the nnartz cells and plastic cells to ascertain whether there was any 
interference in the signal from the plastic. Data were recorded for die sample in air, on 
initial addition of methane, 5 hours after addition of methane and on allowing die 
samples to return to air. (Data were also recorded at 31 horns and 48 horns after methane 
addition and 24 hours after returning to air but these data have not been shown for 
clarity.) In order to obtain die data for die samples under metiiane, balloons were used to 
seal die cuvettes and air was removed prior to metiiane injection.
The results are plotted in Figures 5.1, 5.2, 5.4, 5.6, 5.7 and 5.9 with die same- colour 
scheme used tiiroughout Red and blue lines represent die original signals, light blue and 
green the initial metiiane results, pink and orange die results 5 hours after metiiane 
addition and purple and yellow on return to air. Where necessaiy, additional plots for 
some of the samples showing the effects of having been back in an atmosphere of air for
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24 hours have also been included (see Figures 5.3, 5.5 and 5.8). These are shown in grey 
and black.
o SGL (emission)
o SGL (excitation)
o SGL + Me (em)
o SGL + Me (ex)
o SGL + Me + 5 h (em)
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Figure 5.1: Fluorescence spectra for sol-gel SGL.
The results for SGL show that there is no apparent response initially on methane addition, 
n u w c v e i ,  w iie n  u ie  S a m p le  w a s  a n a ly s e d  a g a in  5 liO uiS la ie i a  la ig e  ( a p p io x n n a tc ly  u i ic e -  
fold) increase in the relative intensity can be seen. On removal of the balloon and 
returning the sample to an air atmosphere the signal returned to its original level and so 
any effect that the methane has on the sample can be said to be large and reversible. This 
is potentially useful if the phenomenon could be observed on a shorter timescale.
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Figure 5.2: Fluorescence spectra for sol-gel SOM1.
550 600
Again, with SOM1 there appears to be no immediate effect on the fluorescence signal by 
methane addition and after 5 hours there is a dramatic increase in the relative intensity 
(now approximately x 5) visible (see Figure 5.2). Unlike SGL, however, opening up the 
cuvette to air reduces but does not completely remove the change (as seen by the fact that 
the relative intensity has not returned to its original position). Nevertheless, after 24 hours 
(see Figure 5.3) the effect can be seen to have been reversed completely.
Figure 5.3 shows that the relative intensity for SOM1 has returned almost to the original 
position 24 hours after being returned to an air aimosphere and so any effect ihai the 
methane had on the sample can be seen to be reversible, though the desorption is slower 
than for SGL.
O SOMl (emission)
O SOMl (excitation)
SOMl + Me (emission) 
O SOMl + Me (ex)
O SOMl+Me + 5h(em) 
SOMl + Me + 5 h (ex) 
O SOMl + air (an j 
SOMl + air (ex)
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igure 5.3: Fluorescence spectra for sol-gel SOM1 including that after 24 hours in air.
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Figure 5.4: Fluorescence spectra o f  sol-gel SOM 3.
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SOM3 shows a difference from the previous two samples for, although there is again no 
marked difference in the original relative intensity on the initial addition of methane, after 
j  hours llie signal is ieuuceu (railiei iiiaii increased). In olliei woius, die methane appeals 
to have quenched the fluorescence of the sample. On returning the sample to air the 
sample again shows a different behaviour to the previous two samples in that it now 
shows a significantly increased relative intensity, i.e. greater than that of the original. The 
sample shows even stronger behaviour when the spectrum for the sample that had been 
analysed 24 hours after returning it to an air atmosphere is taken into account (see Figure 
5.5).
o SOM3 (emission)
o SOM3 (excitation)
o SOM3 + Me + 5 h (em)
o SOM3 + Me + 5 h (ex)
o SOM3 + air + 24 h (em)
o SOM3 + air + 24 h (ex)
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Figure 5.5: Fluorescence spectra for sol-gel SOM3 including that after 24 hours in air.
Figure 5.5 compares the original profile with that of five hours after methane addition 
and 24 hours after returning the sample to an atmosphere of air. This could be viewed as 
the sample’s relative intensity signal gradually returning to its original position after the
sample had been subjected to a methane atmosphere and then returned to an air 
atmosphere. This leads to the probability that the results of the sample just after the 
balloon of methane was removed were anomalous particularly when viewed alongside 
die results lium all die oilier samples.
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o STGL + Me (ex)
o STGL + Me + 5 h (em)
o STGL + Me + 5 h (ex)
o STGL + air (em)
STGL + air (ex)
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Figure 5.6: Fluorescence spectra for sol-gel STGL.
Figure 5.6 shows the spectra for STGL. The sample shows an increase in relative 
intensity' immediately on methane addition to the system but no further increase is seen 
after five hours, in fact the samples’ relative intensities have already returned to their 
original positions. Any effect on the sample by the addition of methane is immediate, but 
not sustained.
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Figure 5.7: Fluorescence spectra for sol-gel STOM1.
550 600
The relative intensity of emission and excitation spectra for STOM1 (Figure 5.7) are 
reduced by methane addition and further still after 5 hours. On returning the samples to 
air there is little change in the relative intensities. This quenching of the samples’ spectral 
intensities is still apparent after 24 hours (see Figure 5.8).
Figure 5.8 shows that the relative intensity for STOM1 is quenched on methane addition. 
The plot also shows that after the sample was returned to air for 24 hours that the 
reduction in the intensity remained. This suggests that the sample has been affected 
irreversibly by the adsorbed methane or that it is much slower to return to its original 
state.
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STOMl + air (ex)
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Figure 5.8: Fluorescence spectra for STOM1 including that after 24 hours in air.
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Figure 5.9: Fluorescence spectra for sol-gel STOM3.
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As can be seen in Figure 5.9, ST0M3 shows behaviour similar to that of SGL (i.e. the 
increase in intensity is not seen until five hours after methane addition). The signal 
i etui lieu io its original value un being letuineu io aii (like SGL).
5.2 Ultra-Violet fUV) Sensor System
Figure 5.10: UV-Vis spectra for a SOMl film.
Figure 5.10 shows the UV-Vis spectrum for SOMl coated on to a silica wafer (separately 
characterised by SEM). A slight drop in reflectance of the signal is apparent after 3 
minutes in a methane atmosphere (see the red line). This quenching is only slight, but this 
may due to the time the sample was sub’ec^ eJ mptVian#* A orpatpr mav hnvp 
been seen if the sample had remained under methane for longer, which can be seen in the 
fluorescence data (see Figure 5.2).
Again, the spectrum for STGL (Figure 5.11) shows that the reflectance is lowered when 
die sample is subjected to methane for three minutes. This quenching is more marked
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than either SOM1 or STOMl as expected due to the time over which the samples were 
subjected to methane.
Figure 5.11: UV-Vis spectra for a STGL film.
Figure 5.12 shows the spectrum for STOMl which like SOM1 shows a slight reduction 
in reflectance effect of the methane on the sample after three minutes. Again this 
quenching is slight in comparison with STGL, but when compared to the fluorescence 
data this is only to be expected as the samples showed a marked changed but over time 
whereas the STGL response was immediate but not sustained.
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Figure 5.12: UV-Vis spectra for a STOM1 film.
5.3 Discussion
Several interesting features are offered by sol-gels in sensor applications as: (i) from the 
UV to the near-infrared they are optically transparent; (ii) as only small ions and 
molecules can enter the network they provide a perm-selectivity; (iii) there is control over 
their microstructure and (iv) they have chemical and mechanical stability [7].
parameters (e.g. pH, polarity, viscosity and concentration) and is a powerful analytical 
tool [8]. Most important is the information from molecules present in very dilute 
concentration, even from a heterogeneous environment, which can be provided by 
fluorescence spectroscopy.
From the fluorescence and the ultra-violet sensor experiments it can be seen that there is 
potential for the combination o f  the sol-gel materials w ith  an ultra-vio let sensor system 
As stated above, many groups have investigated the potential of gases to quench the
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photoluminescence of porous silicon. Green and Kathirgamanathan showed that the 
concentration of oxygen can be measured up to 1 atmosphere by the quenching of porous 
silicon but that the sensor is non-specific [9], Work was carried out by Calvo-Munoz et 
a l  to produce hybrid organic-inorganic monoliths and thin films with the aim to 
selectively trap and discriminate benzene and toluene. They showed that the adsorbed 
pollutants could be detected via their absorbance in the near UV [10], More recently 
Schem and Bredol [11] studied the effects of doping TEOS derived silica layers with 
terbiumtrisbenzoate for use in UV sensor applications. Limimescence spectra of the 
coatings were comparable to a doped monolithic material with a difference in a factor of 
20 in the intensity of the emission spectra being seen. They reported a slight shift in die 
position of the excitation spectra which they ascribed to die difference in preparation 
techniques. Yang et ai. [12] investigated the. effect of doping Si02 xerogel with CaS and 
Nd2S3 on die luminescence properties. The excitation spectra for die undoped sample 
showed a single peak at 380 mn and die co-doped sample two peaks, one at 380 mn and 
the other at 480 nm. When the samples were excited at 380 nm emission spectra again 
showed a single peak for the imdoped sample at 440-450 nm and two peaks were seen for 
the co-doped sample at 440 nm and 603 nm. When die co-doped sample was excited at 
480 nm a single peak at 440 mn was obseived in die emission spectra. There is still a lack 
of understanding about die origin of the luminescence in sol-gel derived silica-gels [13] 
and three- possible mechanisms have been proposed, ie., defect mechanism [14], charge 
transfer mechanism [15] and carbon impurity mechanism [16].
For each of die sol-gel samples studied the effects of the addition of methane could be 
clearly seen using fluorescence spectroscopy, with four of die six sol-gels investigated 
above showing enhancement of die silicon photoluminescence and quenching being 
shown by SOM1 and STOM3. The response time varied from sample to sample with 
SGL, SOM1 and STOM3 taking time to respond to the addition of methane and its effect 
not being immediately visible. SOM3 and STOMl both showed a response to the 
metiiane addition immediately, but the effect became more pronounced with time. The 
effect of methane addition on STGL was immediate but not sustained as witiiin 5 hours 
the signal had returned to the baseline where it remained. Although STOMl showed an
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immediate response to die metiiane addition, which increased with time, it was eitiier 
irreversible or had a long relaxation time as no return to baseline was visible even having 
been returned to an ak atmosphere for 24 horns.
Ultra-violet spectroscopy was carried out on tiiree samples (SOM1, STGL and STOM1) 
in an atmosphere of air and witii mediane flowing over die samples for three minutes. All 
three samples showed a reduction in the reflectance mtensity due to the addition of the 
mediane. The greatest reduction could be seen by STGL which is unsurprising due to die 
immediate effect of the methane seen m the fluorescence spectroscopy. The samples had 
been prepared a year prior to die experiment being carried out and so even tiiough aging 
had occurred and the samples had been left in an ak atmosphere containing water 
methane adsorption could still be seen. Further experiments would have been earned out 
on the samples witii respect to die methane’s effect over tune and to determine die 
reversibility of this effect had time permitted.
When die spectroscopy results are viewed overall, it can be seen that die sol-gel materials 
have potential for use witii a spectroscopic sensor for die detection of mediane. For die 
majority of die samples, an immediate response can be seen though this is increased 
when the samples are subjected to methane for prolonged periods of time. Hence, tiiek 
spewed of response is not yet fast enough; although the materials do show the ability to 
adsorb mediane. However, die reversibility of tiiese effects requkes furtiier investigation, 
as does die selectivity of die materials.
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6 CONCLUSIONS AND FURTHER RESEARCH
6.1 Conclusions for Research on Bulk Properties
Novel silica sol-gel materials, which could be coated onto optical fibres, were produced 
and into some samples were incorporated titania and / or organic modifiers. The samples 
were characterised using a number of techniques and their potential in an optical sensing 
system was investigated at near ambient temperature and pressure.
The samples produced were seen to be X-ray amorphous. This is not unusual for Si based 
sol-gels (see results of Pabon et al. [1] who prepared Si02-Ti02 mixed oxides by the sol- 
gel route and Yang et al. [2] who doped a Si02 xerogel with CaS and Nd2S3), although 
this is not to say that there is not EXAFS-detectable short range order (see Anderson et 
al [3]).
The samples produced in the course of this work were seen to be microporous (pore 
diameter < 2 nm) by BET isotherm methods, which showed type I isotherms and Storck 
et al [4] have also observed microporous type I isotherms. The addition of titania to the 
system appeared to lower the total surface area of the samples, but the organic modifiers 
affected the surface area in a less predictable maimer. Chen et al [5] produced silica gel 
supported Ti02 particles by an acid-catalysed sol-gel method and the surface areas 
observed in their work also decreased with increasing amounts of Ti02. Compare for a 
moment the total surface areas seen here and previously. The surface areas of the Si02 
produced by Leadley and MacGibbon are in close agreement which would be expected 
due to the same method of preparation having been followed. However the Si02-Ti02 
sample produced by MacGibbon has a surface area larger than that produced by Leadley 
but this may be due to different reaction vessels having been used. The samples produced 
by Badeka have significantly smaller surface areas than either those produced by Leadley 
or MacGibbon which may be due to differences in the preparation technique.
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Table 6.1: Com parison o f  B E T  surface areas.
Sample Sample produced by Sbet n i2/g
Acid catalysed Si02 Badeka [61 203
Acid catalysed Si02 Leadley [7] 654
Acid catalysed Si02 MacGibbon 652
Acid catalysed Si02-Ti02 Leadley [7] 577
Acid catalysed Si02-Ti02 MacGibbon 678
Acid catalysed Si02 + OM Badeka [6] 317
Acid catalysed Si02 + OM MacGibbon 672
Q4, Q3 and Q2 species could be seen in the 29Si NMR spectra for all six samples with R 
groups being observed in the spectra for the samples with additional organic modifier 
indicating the presence of Si-C linkages. A reduction in the fraction of Q4 groups could 
be seen when the organic modifier and / or titanium were present; in die case of titania 
being present in the samples this decrease was considerable (i.e. a reduction of about 10- 
15% was seen on addition of titanium). Alongside this reduction in Q4 content for die 
Si02-Ti02 samples, an increase in Q2 groups was observed which would indicate diat die 
samples are less hydrolysed than the Si only samples. Thus approximately 50% of Si02 
tetrahedra could be seen to be fully hydrolysed for the Si02-only samples with a decrease 
in diis percentage for die Si02-Ti02 samples. Two major peaks corresponding to Q3 and 
Q4 groups can be seen in die 29Si NMR spectra (also seen by Fidalgo et al. [8] who noted 
the complete absence of Q1 groups suggesting die lack of terminal Si atoms). From this it 
can be concluded that the silica network comprises cyclic units (Q3 groups) crosslinked 
by oxygen bridges (Q4 groups) [8],
13 , ,C NMR spectra confirmed diat the organic modifiers were present in relevant samples. 
As expected for SGL, die 13C spectrum was of low intensity and so there was not much 
residual carbon remaining in the sample. There were two small peaks corresponding to 
die CH2 and CH3 groups of imreacted ethoxy groups of TEOS (as observed by Fidalgo et 
al. [8]). More carbon could be seen to be present in STGL than in SGL, indicating die 
presence of a greater amount of unreacted TEOS. The peaks seen in the spectrum for 
SOMl corresponded to die organic modifier, which was also the case for SOM3. For 
STOM1 and STOM3 extra peaks were observed diat could correspond to Ti-O-C instead 
of Si-O-C species.
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A single peak with a binding energy (BE) of approximately 103 eV was seen in the XPS 
data for all six samples which corresponds to the expected signal of silica with the 2p3/2 
signal for Si in Si02 found at 103.3 eV (also noted by Pabon et al. [1] and Leadley [7]). 
Two signals seen for each Ti02 containing sample corresponded to the 2pi/2 and 2p3/2 
electrons with BEs at approximately 465 eV and 459 eV respectively (see Pabon et al. [1] 
and Leadley [7]). The major peak at 459 eV corresponds to the expected signal of Ti02 
with the 2p3/2 signal for Ti in Ti02 foimd at 458.8 eV. Ren et al. [9] observed a reduction 
in the Cls and Ols peaks after Si02-Ti02 thin film samples were UV-irradiated 
indicating that contaminants were present in the samples which were removed upon 
irradiation. For the sol-gel samples produced by the author, organic groups were present 
as a result of the addition of organic modifiers, although there may be contaminants 
present as a result of the TEOS starting material.
The surface of die samples when applied as coatings was observed using SEM. Some 
cracking was seen to a certain extent for all samples with die greatest amount being seen 
for SOM3 and STOM3. The samples were successfiilly diluted witii ethanol prior to 
coating in order to reduce the degree of cracking. Guo et al. [10] used SEM to observe 
die cracking in photocatalyticlly active nanoporous Ti02 films produced by die sol-gel 
process in die presence of polyetiiylene glycol (PEG). Crack-free films could be seen for 
the films containing PEG while films without PEG were crack laden and flaky. SEM was 
also used to determine the tiiickness of the coatings and by how much the films needed to 
be diluted. The dilution factor chosen for future coatings of tiiin films was chosen to be 
25 : 75 sol-gel : ethanol as the thickness of the film was measured at 94 nm (STOM1) 
which was below die required threshold of 100 nm.
Ultra Violet-Visible (UV-vis) reflectance specta showed tiiat die samples could be 
identified as Si02 and Si02-Ti02. The adsorption edge for die Si02 samples can be seen 
to be different to that of the Si02-Ti02 samples and it is likely that the samples were 
homogeneous with Si-O-Ti linkages present in these samples ratiier than segregated Si02
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and Ti02 as none of the three mixed-oxide samples showed an isolated signal relating to 
the Si02, anatase or mtile standards.
The UV-Vis transparency of the six sols was assessed by coating the sols on to substrates 
and observing the reflectance. Approximately 94% of the incident UV-Vis radiation was 
seen to be transmitted by each of the six samples and so neglecting absorption or 
scattering only 6%  of the incident radiation was reflected over the wavelength 
investigated and so satisfying the condition required for reflectivity [11].
6.2 Surface Properties
RGA showed that all samples adsorbed methane to a certain extent although some 
samples adsorbed greater amounts of methane than others at 298 K. Constant real time 
monitoring was permitted using RGA analysis here and has been used by a number of 
groups: to study 1) the progress of a catalytic alkylation reaction using an iff (3-zeolite to 
produce cumene from benzene and propylene [12]; 2) the ease of O reaction with surface 
precovered by CO and CO to establish itself on a surface precovered by O (and its 
reverse titration) [13]; and 3) the degrees of precursor dissociation and high molecular 
weight species formed when a direct current (dc) was employed to a mixture of acetylene 
and ammonia to give carbon nanofibre growth [14],
Metiiane adsoiption isotherm was also noted for STOMl using a McBain Bala' balance. It 
was calculated that 0.769g CH4 was adsorbed per gramme of sample over a long time 
scale which was greater than the 1.933 x 10'5 g (19 pg) CH4 noted to be adsorbed per 
gramme of sample in the very fast RGA at lower metiiane pressure. A similar McBain 
Bala balance was used by Branton and Reynolds [15] to measure adsorption isotherms of 
carbon tetrachloride on pure silica in the form of MCM-41. Type V shape isotherms were 
measured with the size and position of capillary condensation / evaporation dependent on 
the temperature (within a range of 273 -  323 IC).
Water, like metiiane, is shown here to be adsorbed by all samples and so no sample was 
completely hydrophobic. The difference in extent of adsorption by three of the samples
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was confirmed by the results from the IGAsorp experiments, with the samples having 
19.53%, 24.63% and 31.92 % weight increase for STOM1, STGL and SOMl 
respectively at 90% RH. A combination of the added organic modifier and titania can be 
seen to potentially increase the sample’s hydrophobicity. Muster et al [16] found that 
water uptake on colloidal silica spheres was controlled by the decreased hydroxylation of 
die siuface of die silica and die rate of water condensation to form multilayers. 
Differential water sorption studies on Kevlar™ 49 and as polymerised poly(p-phenylene 
terephdialamide) were conducted by Mooney and MacElroy [17] using a gravimetric 
sorption apparatus who determined diat at 303 IC Kevlar™ 49 revealed a hysteresis loop 
that extended over the whole range of pressures studied.
6.3 Spectroscopy of Adsorption-induced Changes
The fluorescence and die UV spectra showed that there is potential for the combination of 
the sol-gel materials with an ultra-violet sensor system. The potential of gases to quench 
the photoluminescence of porous silicon has been investigated by many groups: 1) a non­
specific oxygen sensor that can measure concentrations up to 1 atmosphere by the 
quenching of porous silicon was produced by Green and ICathirgamanathan [18]; 2) 
hybrid organic-inorganic monoliths and thin films diat selectively trap and discriminate 
benzene and toluene in a manner that can be detected via their UV absorbance [19]; 3) 
doped TEOS-derived silica layers diat act as UV sensors [20]; and 4) CaS Nd2S3 and 
doped Si02 xerogels for which one new luminescence peak was observed in both the 
excitation and emission spectra (in addition to that for the undoped sample) [21].
From die fluorescence spectroscopy results for die six sol-gel samples studied die effects 
of die addition of mediane could be clearly seen, with four of die six sol-gels showing 
enhancement of the silicon photoluminescence, while quenching was shown by SOMl 
and STOM3. The response time varied between samples with SGL, SOMl and STOM3 
taking time to respond to die addition of methane. On die other hand an immediate 
response to the methane addition was seen with both SOM3 and STOM1 with the effect 
becoming more pronounced with time. The effect of mediane addition on STGL was
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immediate, but was not sustained, as, within 5 hours the signal had returned to die 
baseline where it remained. Although an immediate response to methane was seen by 
STOM1, which increased with time, the adsoiption of methane was either irreversible or 
desorption was a lengthy process as no return to the baseline was observed, even after a 
furdier period of 24 hours in an air atmosphere.
UV spectroscopy was carried out on three samples (SOM1, STGL and STOM1) in an 
atmosphere of air and witii methane flowing over the samples for tiiree minutes. A 
lowering in die reflectance intensity was seen for all dnee samples due to die addition of 
die methane. STGL showed die greatest reduction, which is unsurprising, in die light of 
the immediate effect of the methane seen in the fluorescence spectroscopy. The samples 
had been prepared a year prior to the experiment being carried out and so, even though 
ageing had occurred and die samples had been left in an air atmosphere containing water, 
methane adsoiption could still be seen.
In summary then, die RGA and McBain balance data showed that die sol-gel samples 
produced here did adsorb metiiane, some to a substantial degree. The samples could be 
seen from the desiccator and IGAsorp data to also adsorb water again some substantial 
amounts. By plotting the amount of mediane adsorbed against die weight increase due to 
water sorption it did become apparent tiiat some samples showed potential in that the 
amount of weight increase due to water sorption was not great in comparison to die 
amount of methane adsorbed. These samples were analysed using spectroscopic 
techniques in order to determine their potential for use with optical fibres as sensors.
The spectroscopy results show tiiat die sol-gel materials have potential for use with a 
spectroscopic sensor for the detection of methane. An immediate response to the methane 
is seen for the majority of the samples which increases when the samples are subjected to 
methane for prolonged periods of time. Altiiough their speed of response is not yet fast 
enough tiiese materials show die ability to adsorb mediane and show potential as sensor 
materials.
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Owing to the potential of fuel cells, much research has been carried out into materials that 
provide efficient storage for hydrogen and metiiane. One area that has been extensively 
studied is diat of die adsorption of hydrogen and / or metiiane on to carbon species. Wang 
et al. [22] have studied pitch-based activated carbon fibres to determine tiieir efficiency 
for methane storage and tiieir results showed that of the samples studied the sample with 
die smallest micropore widtii gave die maximum storage capacity (adsorption isotiierms 
at 303 K). Microporous carbon witii pore width of 0.7 -  0.8 nm was shown to be the ideal 
adsorbent for methane storage [23], Gadiou et al [24] studied nanostructured carbons for 
hydrogen storage and determined that there is a direct correlation between the 
microporous volume of the solid and its ability to absorb, in mesoporous materials. 
Previous work by Rzepza [25] had shown tiiat slit pores witii a width of 0.7 nm provided 
the best storage capacity.
Silica is anotiier material diat has been investigated as it may be used in a wide range of 
applications due to its physicochemical properties [26], and die variety of surface areas 
and pore volumes diat are possible. Esparza et al [27] studied mesoporous and 
microporous Si02 adsorbents and determined that in the microporous adsorbent a 
prevalence of supennicropores (voids with sizes between 0.7 and 2 nm) over 
ultramicropores (voids of size smaller tiian 0.7 mn) would ensure die h apped substance 
was eventually released. With ultramicropores the adsorption is very strong and so the 
adsorbed molecules may be retained irreversibly.
The samples produced here were shown to be microporous using BET analysis. It was 
not possible to determine the pore size of the samples as they were smaller than the limit 
of detection of the instrument used. It is therefore probable that the samples contain 
supermicropores and looking at research carried out by other groups it is the presence of 
diese supennicropores tiiat provide tiiese materials witii tiieir potential for use of 
adsorbents for hydrogen and / or methane. The potential for methane adsorption at 298 K 
by Si02-Ti02 organically modified xerogels was discussed by MacGibbon et al [28],
6.4 Possible Rationale
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The adsoiption of metiiane on Ce02, MgO and AI2O3 at 198 K was investigated by FT-IR 
spectroscopy by Chen et al. [29] They obtained direct information about the methane’s 
interaction with oxide surface. With different oxides the metiiane interacts with different 
active species. The active species on Ce02 is the surface oxygen species O' and the 
surface lattice oxygen but for MgO the species responsible for the adsoiption of methane 
are the surface oxygen anions and the Lewis acid pairs. With A1203 the metiiane is 
adsorbed via the interaction with both surface hydroxyls and co-ordinately unsaturated 
surface oxygen anions.
The work carried out by Chen et al. [29] proposed that the methane was adsorbed via an 
interaction with the oxygen anions or the hydroxyl groups. The samples produced here 
were not fully hydrolysed as shown by 29Si NMR and so it is probable that hydroxyl 
groups are present. The organic groups present in SOM1, SOM3, STOM1 and STOM3 
are electron donating groups which provide a more electronegative environment for the 
methane interaction with the oxygen anions and hydroxyl groups as the bridging oxygens 
are made more electronegative by the presence of election donating groups. This 
increased electronegativity along with the presence of hydroxyl groups provides an 
environment that promotes metiiane adsorption.
6.5 Future Work
Although much work was carried out characterising the prepared sol-gel samples and 
films, further investigation is still necessary for a comprehensive understanding of the 
materials. Further NMR studies should be carried out in solution to yield kinetic data 
(29Si NMR) and data regarding die incorporation of the organic modifiers (13C NMR). 
Solid state 170 MAS NMR would provide further data regarding the Ti-O-Si bridge as 
shown by Smith and Whitfield [30], who observed signals at 110 ppm and 250 ppm and 
assigned diem to the oxygens in Si-O-Ti bridges; Pickup et al also observed this [31].
Using ellipsometry it should be possible to obtain further data witii respect to die 
tiiickness of sol-gel films on mediane and water adsoiption. Ellipsometry is a technique
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diat also records refractive indices. It would dierefore be possible to obtain data as to how 
die titania and the organic modifiers affects dieir refractive index [32, 33]. It may even be 
possible to obseive the effect of water and methane adsorption on the films’ refractive 
indices (and thickness).
Not all samples were analysed using die IGAsorp instrumentation and die McBain Bala* 
balance. The McBain balance is a technique that is veiy time consuming and so it would 
not have been possible to analyse all the samples prepared. However, repeat analyses on 
STOM1 would have provided information as to whether this sample adsorbs methane 
once only, repeatedly or if die adsorption is truly irreversible. As die water sorption 
analysis is less time consuming, a better idea of how all the samples behave with respect 
to water should be obtained using the IGAsorp instrument to generate isothermal and 
kinetic data.
Again not all die samples were analysed using UV-Vis fluorescence and absoiption / 
reflectance. To provide a fuller picture, all samples would ideally be analysed using both 
tiiese two techniques. Along with water adsorption, it would also be useful if die samples 
could be subjected to a humid atmosphere to determine whether or not water interferes 
witii metiiane adsorption and its effect on the UV-Vis signal. Furtiier data needs to be 
obtained regarding the reversibility of die mediane adsorption on die samples and die 
effect on the UV-Vis spectra. To optimise the samples’ potential use as methane sensors 
work also needs to be carried out on improving die response time to methane as at present 
tiiere is a delay witii some samples.
The microporosity of the samples should also be investigated further and if possible, die 
presence of supermicropores determined. The BJH method [34] is widely used to 
determine die pore size distribution in die range of about 1 to 10 nm diameter but for 
pores less tiian 2 nm this method is not reliable [35].
If supermicropores [36] are enhancing methane adsorption then the enthalpy of 
adsoiption must be increased and so the rate of adsoiption should be increased. Hence die
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kinetics of methane adsorption in the present samples should be explored, either through 
the Elovich equation [37] or alternative models.
It is clear that the addition of titania and / or some of the organic modifiers to silica sol- 
gel samples enhances die performance of the samples widi respect to increased metiiane 
adsorption and decreased water sorption as can be seen in Figure 4.8 (chapter 4). It is 
however still unclear what role the titania and organic modifiers in this increased 
metiiane adsorption and decreased water sorption play and tiiis needs to be investigated 
furtiier.
As these samples show the potential to adsorb methane and act as sensors, it may be 
possible to detect other greenhouse gases such as C02 and NOx along with higher 
hydrocarbons. The possibility of the use of tiiese materials for sensing tiiese gases should 
be investigated along with die potential poisoning of these sensors by gases such as S02 
as seen in the existing pellistor system.
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